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Abstract 
 
Nasal spray, as an alternative drug delivery method rather than oral medication approach, can 
solve the formulation break-down in the digestive system and the detox within the liver system. 
Moreover, human airway drug delivery method has a better level of patient compliance in 
comparison with the intravenous methods, especially among children. In order to improve the 
performance of the nasal spray, it is necessary to investigate the external characteristics of 
atomized particles from these pharmaceutical spray devices. However, the studies for low 
pressure applications are left barely touched. Owing to the narrow passage structure, it is not 
feasible to conduct accurate in vivo experiment regarding particle deposition study. Meanwhile 
in vitro experiment can magnify the tiny nasal cavity for a better visualization, but with some 
drawbacks that can affect the accuracy of experimental outcome. Therefore, CFD simulation 
helps to solve this puzzle, however literature research found out that the previous studies neglect 
the initial particle characteristics. 
 
In this thesis, the detailed external characteristics of atomized particles after atomization for 
low pressure conditions are presented. Two commercial pharmaceutical spray devices were 
tested with different methods. The experiments were performed in three stages. The first stage 
was to mimic the real human actuation parameters by using lab equipment. The second stage 
was to capture the outline and break-up length of the spray cone during the fully developed 
stage and within the region between the nozzle and first break-up length. High Speed Camera 
(HSC) and spotlight were adopted to obtain the required data. The third stage was to study the 
droplet size and velocity distributions by using particle image velocimetry (PIV) and 
particle/droplet image analysis (PDIA). Furthermore, all these realistic results, gained from 
experimental study, were derived to form the boundary conditions, to be applied in the 
numerical study via CFD simulation for the first time.  
 
In the numerical study of this thesis, the conventional and a newly designed device were 
compared regarding the deposition fraction and the penetration depth. For the conventional 
device, laminar and turbulent flows were used under the inhalation rate of 15 L/min and two 
vi 
 
spray cones with four different particle sizes were utilised. In the parametric study of this thesis, 
the spray alignment was included. Three different spray directions were chosen to compare, 
where the middle direction was set as the reference. For the newly designed one, similar 
methodology and procedure was performed, but with a down scaled set of considerations and 
a new visualization technique. One device was used with both laminar and turbulent flows and 
four different sized particles. Since the particles deposited in both left and right chambers, the 
UV-unwrapping technique was adopted for better visualization. After conducting the 
comparison study, two sets of optimal spray parameters were drawn for each generation of the 
nasal spray device. Simultaneously, the newly designed device, claimed with noticeable 
advantages if compared to the conventional devices by the pharmaceutical company, was 
examined in terms of deposition fraction and the relative particle penetration depth in the 
middle lateral region. 
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CHAPTER 1 
Introduction 
 
1.1 BACKGROUND AND OBJECTIVES 
 
Spray devices are commonly used in various industries due to their advanced liquid delivery 
method, and wide benefits to industry applications, such as automotive, agricultural, chemical, 
pharmaceutical, manufacturing, etc. (Nasr et al., 2002). The industrial spray with high pressure 
injection has been extensively studied in both experimental and numerical methods, for instance 
the engine injection in the automotive industry (Park et al., 2009). However, nasal spray, a kind 
of low pressure atomization device in pharmaceutical industry, was rarely investigated, and the 
relevant literature remained limited. 
 
Nasal spray, as an alternative drug delivery method to oral medication approach, can resolve 
the matter of formulation breaks down in the digestive system. Nasal spray may also provide 
alternative treatment in some special medical areas such as lung disease, rhinitis, diabetes, etc. 
Due to the fact that the effective administered medication blood level and rapid targeted 
delivery, the nasal spray / oral inhalation device becomes more popular and effective than in 
the past (Kimbell et al., 2007). Moreover, human airway drug delivery method has a better level 
of patient compliance in comparison with intravenous method, especially among children. 
Nasal spray gains advantages over other methods to treat rhinitis, however, the unique nasal 
airway is dominated by the nasal turbinate, i.e. three bony, soft-tissue structures lined with 
highly vascularised mucosa that contain openings to the paranasal sinuses. Due to this, it is not 
feasible to deposit the drug formulation in the turbinate region as the truth is that a large 
proportion of the drug liquid is blocked by the anterior regions of nasal vestibule. Thereby it is 
necessary to study the spray characteristics and the relevant deposition efficiency within the 
nasal cavity.  
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Cheng et al. (2001) studied four different nasal spray bottles with their droplets and drew a 
conclusion that droplet size distribution and deposition pattern in nasal cavity differed from 
each other. Another research, done by Suman et al. (2002), studied the deposition of 
radiolabelled nasal spray droplet in the nasal cavity gamma scintigraphy with ten healthy 
volunteers, and investigated that two kinds of nasal spray pumps having various performance 
characteristics through deposition patterns in relation to in vitro measurements. The study also 
found that spray angle and plume geometry did not affect the droplet distribution in the nose. 
Hence, these studies expanded the acknowledgement of fundamental relationship between drug 
delivery efficacy and its external characteristics, i.e. droplet size, spray cone angle, etc. 
Although several studies both in vivo and in vitro were experimentally investigated regarding 
the performance of nasal spray devices, the spray atomization process and mechanism in the 
near nozzle region were not involved due to the short duration and small-scaled particle size.  
 
With the boost in computing power embedded with advanced numerical algorithms, an 
alternative approach to match in vivo experimental data is to use computational techniques, 
such as computational fluid dynamics (CFD). Via the ability to calculate extreme physical 
conditions, such as the air velocity profile (Horschler et al., 2003, Tu et al., 2004), particle 
trajectories and localised deposition sites (Zamankhan et al., 2006, Zhang et al., 2004), CFD 
techniques was already used in these past studies, that concentrated in the inhalation of 
suspended particles in the air (Li et al., 2012, Inthavong et al., 2011b). Consequently, CFD can 
be used in even more advanced applications to investigate the external characteristics of nasal 
spray and the real physical deposition pattern/efficiency numerically. For example, Inthavong 
et al. (2006) found that early deposition in the nasal vestibule was caused by high delivery 
velocity of spray droplets, meanwhile drug deposition in turbinate nasal region was reduced by 
the poor penetration of spray droplets. Fortunately the qualitative experimental study aimed to 
provide result such as droplet size, velocity, 1st break-up length that can be utilised to form the 
key elements in boundary condition in CFD simulation. Thus this study can unveil the particle 
deposition pattern in physical conditions numerically with a mimicked illustration as in vivo 
experiment. As a result the outcome can help the pharmaceutical industry to optimise the 
delivery method, and then to benefit patients. 
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Hence the scope of this research is to experimentally study atomization characteristics of nasal 
spray devices and numerically study the droplet deposition inside the nasal cavity, where three 
main objectives are listed below: 
 
 Experimental analysis of nasal spray characteristics from nasal devices: 
 Design a lab experimental set-up to perform actuation of spray bottle 
 Design a method to capture the spray duration to analyse its external characteristics 
 Analyse the external characteristics, i.e. localized droplet size, droplet velocity in the 
near nozzle region  
 
 Experimental analysis of realistic spray parameters for numerical simulation: 
 Design a method to mimic the real human actuation parameters by the experimental 
device 
 Measures the spray cone outlines and the 1st break-up length 
 Sum-up the experimental result to provide boundary conditions to CFD simulation 
 
 Numerical analysis of nasal spray droplet deposition in nasal cavity: 
 Droplet deposition / drug delivery efficiency in nasal cavity using realistic boundary 
conditions 
 Droplet deposition fraction / penetration depth in the nasal cavity for two generations 
of the nasal spray devices on different spray cones, particle sizes, injection directions, 
flow types, etc. 
 
1.2 THESIS STRUCTURE 
 
To achieve the aforementioned objectives, the thesis is outlined in the following seven chapters: 
 
Chapter one introduces the background, objectives, scope, and thesis structure. 
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Chapter two presents the literature review including previous experimental and numerical 
studies. The experimental section reviews the basic droplet atomization theory, spray particle 
measurement techniques, and the spray deposition inside nasal cavity. The numerical section 
examines CFD simulations regarding to spray dispersion and spray deposition. Then a few 
research gaps are addressed. 
 
Chapter three delineates the experimental methodology. The principles of the measurement 
techniques, such as particle image velocimetry (PIV) and particle/droplet image analysis 
(PDIA) are introduced. Here all experimental set-ups would be explained. 
 
Chapter four discloses the experimental outcome, contains machine matching result, the 
external characteristics of spray droplet, i.e. droplet size and velocity with its distribution, and 
the spray cone angle and break-up length. The result achieved in this chapter are summarized 
to provide realistic boundary conditions for CFD simulation. 
 
Chapter five presents the fundamental computational fluid dynamics (CFD) methodology, 
including turbulence flow modelling and discrete phase modelling (DPM). Additionally, 
turbulent modelling comparison among k - ε model, k - ω model, and k - ω SST model is 
performed to identify the most suitable one for nasal spray study. 
 
Chapter six analyses the numerical simulation outcome. Hereby the drug delivery efficiency 
with different approaches is examined by using the realistic boundary conditions and realistic 
human nasal cavity model. Thus drug delivery performance of the conventional and the newly 
designed nasal spray devices are compared regarding particle deposition fraction in the targeted 
lateral region and the relative particle penetration depth. 
 
Chapter seven summarizes the experimental and numerical outcomes, and points out a few 
recommendations for further study. 
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CHAPTER 2 
Literature 
Review 
 
2.1 BACKGROUND OF SPRAY AND ATOMIZATION  
 
A spray, defined by Yule and Dunkley (1994), was "a dispersion of droplets with sufficient 
momentum to penetrate the surrounding medium". In a simple expression, in terms of the 
mechanical field, it is a continuous motion to transfer bulk liquid into droplets under 
force/pressure through a reduced area, like an orifice, apart from the natural sprays which 
includes sea fog, rain, waterfall mist, etc.  
 
 
Figure 2. 1 Spray patternations (Guildenbecher et al., 2011) 
 
The main reason why spray is utilized in various industries is the increment of the surface area, 
like the oil aerosol inside combustion engines. However, not all applications are taking the 
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advantage of this unique feature, like the industry painting spray could become homogeneous 
spatial pattern to achieve an even effect. Thus a lot of industries benefit from spray and here is 
a short list of them: combustion, spray drying, agricultural, paint, cooling of metal, cleaning, 
etc. In the real life, normally there are three types of spray patterns which are hollow cone, full 
cone, and flat fan, as shown in Figure 2. 1 (Nasr et al., 2002).  
 
Spray angle can be seen in each spray, so based on spray angle spray can be divided into three 
groups which are narrow angle (θ<30°), medium angle (30°≤θ<70°), and wide angle (θ≥70°). 
Due to the velocity of liquid jet and the diameter of orifice, the size of droplet varies. The 
spectrum range is from 0.1 to 1000 µm as seen in Figure 2. 2, when referring to "droplet" the 
size of drop is less than 500 µm.  
 
 
Figure 2. 2 Spectrum of drop sizes (Fraser and Eisenklam, 1956) 
 
The key process in spray is to generate droplets, so atomization stages are vital. Normally there 
are two phases, primary atomization which is near the nozzle, and secondary atomization which 
occurs when breakup further downstream. During the breakup, the liquid sheet is mainly 
controlled by three key factors which are inertial, viscosity, and surface tension. It can be 
derived into two unique non-dimensional numbers: Reynolds number (inertial/viscosity) and 
Weber Number (inertial/surface tension), therefore higher 𝑅𝑒 and 𝑊𝑒 number would result in 
faster and finer droplet. Figure 2. 3 demonstrates the breakup of liquid jet. From left to right the 
atomization becomes more chaotic, faster, and finer as the velocity goes up. Figure 2. 4 shows 
secondary breakup of Newtonian liquid droplet, time increases from left to right and 
aerodynamic forces increase from top to bottom, and the initial ambient velocity relative to the 
drop acts in the direction shown. 
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Figure 2. 3 Break-up of a liquid jet (Nasr et al., 2002) 
 
 
Figure 2. 4 Secondary atomization of Newtonian drops(Guildenbecher et al., 2011) 
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Mentioned above, the non-dimensional Weber number is an indication of the tendency of 
breakup which could be presented as: 
 
 𝑊𝑒 = 𝑈0
2 𝜌𝑎𝑑0 𝜎⁄   (2.1) 
 
where, 𝑈0 is the velocity of fluid, 𝜌𝑎 is the density of the fluid, 𝑑0 is the characteristic length 
or the spherical diameter, and 𝜎 is the surface tension force. A bigger 𝑊𝑒 directs to a higher 
tendency of breakup. Although the transition between breakup models is actually a continuous 
function of  𝑊𝑒, experiment and modelling is simplified by assuming the breakup models 
occur in the distinct ranges of 𝑊𝑒, as shown in Table 2. 1. The value of 𝑊𝑒 demarcating 
breakup modes is typically referred as a transitional 𝑊𝑒. 
 
Table 2. 1 Transition We for Newtonian drops with 𝑶𝒉 < 0.1(Guildenbecher et al., 2009) 
Vibrational (no breakup) 0 < We < ~11 
Bag ~11 < We < ~35 
Multimode ~35 < We < ~80 
Sheet thinning ~80 < We < ~350 
Catastrophic We > ~350 
 
Meanwhile the deformation is obstructed by viscosity and it also scatters aerodynamic energy, 
so the likelihood of fragmentation would be reduced by both reasons. Thereby it can be 
accounted by Ohnesorge number which is a non-dimensional ratio of viscosity over surface 
tension: 
 
 𝑂ℎ = √𝑊𝑒 𝑅𝑒⁄ = 𝜇𝑑 √𝜌𝑑𝑑0𝜎⁄  (2.2) 
 
When 𝑂ℎ is greater than 0.1 the drop viscous force is found significant, however, when 𝑂ℎ 
value is smaller than 0.1 the process of break-up is independent of 𝑂ℎ defined by experiments. 
As displayed in Figure 2. 4 and Figure 2. 5, breakup morphology is presented, different breakup 
modes are shown in each row. 𝑊𝑒 range defines the breakup mode while the value increases 
from 0 to 11 no breakup occurs, bag happens in between 11 and 35, then multimode shapes 
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under 80, and sheet thinning appears in range from 80 to 350, at last when it is over 350 the 
mode becomes catastrophic.  
 
 
Figure 2. 5 Droplet impact characteristics (Akhtar and Yule, 2001) 
 
This kind of breakup could also be examined in droplet impact in same value range as illustrated 
in the figure below, the impact modes could also be categorized into five groups as the 𝑊𝑒 
increases: 
1. Pure rebound (𝑊𝑒 ≤ 15±5) 
2. Rebound with breakup (20±5 ≤ 𝑊𝑒 ≤ 50±5) 
3. Splashing limit (𝑊𝑒 ~ 60±10) 
4. Typical splashing region (60±10 ≤ 𝑊𝑒 ≤ 350±20) 
5. Prompt splash (𝑊𝑒 >350) 
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The atomization of spray from nasal spray devices is commonly formed by the pressure swirl 
atomizers, which involves the formation of liquid sheet. Fraser et al. (1962) have defined that 
there are three modes of sheet disintegration, as seen in Figure 2. 6. 
 
 
Figure 2. 6 Liquid sheet breakup modes: Successive stages in the idealized breakup of (a) a sheet 
with a thick rim, (b) a wavy sheet and (c) a perforated sheet (Liu, 2000) 
 
a) Rim Disintegration: Due to surface tension forces the free edge of the liquid sheet turns into 
a thick rim. Then before forming droplets the rim fragments into a free jet later formed 
droplets move in the direction of the original movement. At this time, the remaining liquid 
sheet starts to detach to the distorting surface as thin threads quickly breakup into rows of 
droplets. At last, the final stage represents large droplets and more small droplets would 
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occur at the same time, this mode is usually caused by high viscosity and high surface 
tension.  
b) Wave Disintegration: The interaction of a liquid sheet and the ambient fluid results into 
surface waves. Then a ribbon would detach the leading edge when the wave amplitude 
reaches a critical value, rapidly the ribbon contracts into a filament and disintegrates into 
big droplets due to aerodynamic forces with similar size.  
c) Perforated-Sheet Disintegration: Hollow pockets form in the liquid sheet during the 
stretching and thinning process. Then hollow pockets increase in size until the rims of 
neighbouring hollow pockets join to form ligaments which are in irregular shapes. They 
consequently break up into droplets with different sizes.  
 
 
Figure 2. 7 Successive stages in the idealized breakup of a wavy sheet (Fraser et al., 1962) 
 
Wave Disintegration, as an example in Figure 2. 7, explains the calculation of the ligament 
diameter: 
 
 𝐷𝐿 = (2𝜆𝑜𝑝𝑡𝑡𝑠 𝜋⁄ )
0.5 (2.3) 
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In accordance with Rayleigh’s analysis, the formed droplet diameter can be defined as: 
 
 𝐷 = 1.89𝐷𝐿 = 𝑐𝑜𝑛𝑠𝑡(𝜆𝑜𝑝𝑡𝑡𝑠)
0.5 (2.4) 
 
Here, 𝜆𝑜𝑝𝑡 is the length of a wave, 𝑡𝑠 is the thickness of a wave, and the sheet thickness is 
derived as: 
 
 𝑡𝑠 = (1 2𝐻
2⁄ )1 3⁄ (𝑘2𝜌𝐴
2𝑈𝑅
2 𝜌𝐿𝜎⁄ )
1 3⁄  (2.5) 
 
where k means spray nozzle parameter, 𝐻 = ln (ℎ0 ℎ0⁄ ), ℎ
0 is the amplitude at breakup, ℎ0 is 
initial amplitude at orifice. The droplet size in each spray could not be 100% homogeneous, 
therefore based on quantity and mass there is always a positive distribution, then peaks should 
be observed from a general distribution curves in Figure 2. 8.  
 
 
Figure 2. 8 Drop size frequency distribution curves based on number and volume (Lefebvre, 1989) 
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2.2 EXPERIMENTAL STUDY OF SPRAY 
 
2.2.1 Experiment on spray development 
 
In order to achieve a better atomization performance, atomizer is introduced with several 
different design, like plain orifice, pressure jet, simplex (pressure swirl atomizer), etc. Among 
these designs, the pressure swirl atomizer is known as the most efficient way to generate fine 
droplet where this method requires minimal pressure to provide certain amount of droplet. 
Meanwhile the liquid sheet produced by this method normally would show the phenomenon of 
sheet waves and ligament break-ups.  
 
Figure 2. 9 shows a spray from an aerosol can with a 0.5 mm orifice with 0.5 MPa supplied 
pressure, and there is underlying reception in the process which could lead to droplet clusters. 
 
 
Figure 2. 9 Photomicrograph of swirl spray from 0.5mm orifice, 0.5 MPa pressure (Nasr et al., 
2002) 
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Figure 2. 10 Stages in spray development with increase in liquid injection pressure (Lefebvre, 1989) 
 
 
Figure 2. 11 Photographs illustrating spray development in a simplex swirl atomizer (Lefebvre, 
1989) 
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By using the simplex method to develop a spray, it passes through five main stages as the 
pressure increases from zero (illustrated and filmed in Figure 2. 10 and Figure 2. 11):  
 
1. Dribble starts from orifice. 
2. Distorted pencil look like liquid beam ejects from orifice.  
3. A smooth hollow liquid sheet appears due to the surface tension.  
4. Second atomization begins as the liquid sheet breaks up.  
5. A well-defined hollow cone spray establishes with fine droplet.  
 
There were various spray experiments regarding spray development and external characteristics 
from car engine injection device in automotive industry (Wu et al., 1984, Elkotb, 1982) to gas 
turbine engine in aerospace industry (Chaker et al., 2002). However, these studies were 
focusing on the high speed and high pressure atomization process, the low speed and pressure 
spray devices were rarely studied. The intra-oral dry powder inhaler, one among very few 
pharmaceutical products, was investigated by Longest and Hindle (2009). As the usage of nasal 
spray devices to treat rhinitis and other minor illnesses increased, only a couple of researchers 
did relevant studies in terms of spray development and the atomized particle characteristics.  
 
The recent study, done by Fung et al. (2013), revealed the development of atomization of nasal 
spray under different applied pressures. In Figure 2. 12 there was a rapid progression in reaching 
the stable phase under higher applied pressure, which was a faster process to achieve a more 
effective drug delivery through a smaller droplet size. The stable and post-stable phases for all 
injection pressures had similar durations. For a pressure of 2.05 bar, the pre-stable phase was 
the longest, this implied that larger droplets were produced for the longest period of time. For 
the 2.65 bar case, it produced a highly rapid acceleration of droplets during the initial 
atomization, and a greater number of smaller droplets in the stable phase. The result indicated 
that the droplet size was the most sensitive to droplet inertia. 
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Figure 2. 12 The variation of spray width at 1.5mm downstream from injection point under 
injection pressures of (a) 2.05 bar (b) 2.45 bar (c) 2.65 bar (d) Phases of spray periods relative for 
each injection pressure (Fung et al., 2013) 
 
2.2.2 Experiment on atomized particle size 
 
The Nasal cavity is the front part of the human upper respiratory system with the function of 
filtering, heating, and humidifying the inhaled air ambient temperature to body temperature.  
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Figure 2. 13 Nasal cavity anatomy (adapted from Gray's anatomy of the human body, originally 
published in 1918) 
 
Figure 2. 13 demonstrates the structure of nasal cavity. As shown the nasal valve with its cross-
section area 40 mm2 increases to 150 mm2 in the nasal cavity. However, the dimension of the 
nasal cavity keeps constant during quiet breathing. The mucosal layers which contains nerves, 
blood vessels and nasal glands form part of the surface of turbinate region where nasal drug 
applies to, allowing the dose to be absorbed by the widespread vascular network located in this 
region. Researchers have spent a few decades to develop nasal sprays in terms of 
pharmaceutical dose and mechanical design of its bottle/atomizer. As a result it is verified as a 
reliable drug delivery method treating rhinitis, like inflammation and nasal congestion.  
 
Compared to the high pressure spray injection which has been broadly studied both 
experimentally and numerically, the study of nasal spray, low pressure application in 
pharmaceutical field, remains limited. In order to tackle this field several researches regarding 
nasal spray were conducted by previous groups of researchers. For example, Cheng et al. (2001) 
studied four different nasal spray bottles with their droplet and drew a conclusion that droplet 
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size distribution and deposition pattern in nasal cavity differed from each other. Another 
research was done by Inthavong et al. (2006), it was found that early deposition in nasal 
vestibule was caused by high delivery velocity of spray droplets, meanwhile drug deposition in 
turbinate nasal region was reduced by the poor penetration of spray droplets. Apart from these 
two investigations Suman et al. (2002) studied the deposition of radiolabelled nasal spray 
droplet in the nasal cavity gamma scintigraphy with ten healthy volunteers. Hence, these studies 
expanded the acknowledgement of fundamental relationship between drug delivery efficacy 
and its external characteristics, i.e. droplet size, spray cone angle, and etc. Although several 
studies both in vivo and in vitro have experimentally and numerically investigated regarding 
the performance of nasal spray devices, the spray atomization process and mechanism were not 
involved. Further study in the atomization mechanism is needed to gain more in-depth outcome 
regarding the drug delivery efficiency and its external characteristics. 
 
Table 2. 2 Cumulative VMD measurements from previous experiments 
  
(Suman et 
al., 2002)  
 (Foo et 
al., 2007) 
 (Liu et 
al., 2010) 
 (Dayal et 
al., 2004) 
Dv10 (µm) 21.5     23-40 
Dv50 (µm) 41-43 37-44 31-42 42-86 
Dv90 (µm) 77-87     72-160 
Distance from 
nozzle (mm) 45 45 30 30 
 
Table 2. 2 states the previous cumulative volume mean diameter (VMD) measurements from 
four different research groups, it is obviously to be observed that all these experiments were 
carried on at a relative long distance from nozzle, where the distance varies from 30 to 45 mm. 
In Suman et al. (2002)’s in vivo experiment, laser diffraction and 2 plumes were used, 
radiolabelled nasal spray droplets in the nasal cavity of ten healthy volunteers were counted by 
gamma scintigraphy. It was found that at the location 45 mm from nozzle the volume mean 
diameter was from 41 to 43 mm. In Foo et al. (2007)’s research Malvern system and 3 bottles 
were used, and the result was that at 45 mm down from nozzle the volume mean diameter was 
from 37 to 44 mm. The paper, drafted by Dayal et al. (2004), used Spraytec method and 2 
pumps, and found out that at 30 mm from nozzle the volume mean diameter was from 42 to 86 
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mm. An important outcome was drawn simultaneously that when stronger actuation force was 
applied the relevant droplet size reduced. A more recent study, conducted by Liu et al. (2010), 
used phase Doppler anemometry measurement and a single bottle. The result was that at 30 mm 
down from nozzle the volume mean diameter was from 31 to 42 mm.  
 
In reality, the anatomical structure of human nasal cavity as shown in Figure 2. 13, the length 
of nostril is only up to 20 mm and the inserted nasal spray bottle tip would occupy a certain 
distance, this would further restrain the development of spray plume. So the latest measurement, 
conducted by Inthavong et al. (2012), was carried out at a much closer distance from nozzle 
(between 6-12 mm). By piloting the measurement via a much shorter distance between spray 
nozzle and the measuring point, a more realistic condition of the spray atomization inside nasal 
cavity would be demonstrated. 
 
2.3 NUMERICAL STUDIES OF PARTICLE DEPOSITION  
 
2.3.1 Numerical studies of high pressure spray atomization 
 
Due to the high cost of measurement of spray plume and time consuming, CFD simulation was 
widely used in the automotive industry regarding engine spray application. Moreover CFD 
simulation can predict and visualise the flow pattern and droplet trajectory inside of cylinder 
more vividly than the conventional experiment measurements.  
 
In order to study the dispersion of spray, Eulerian-Lagrangian approach, used by Zhang and 
Chen (2007), was considered as the most accurate method to carry out the numerical simulation. 
A hybrid breakup model was proposed as a trustworthy prediction of hollow-cone fuel spray in 
the present study, conducted by Shim et al. (2008). The atomization process of the hollow-cone 
fuel spray of a high-pressure swirl injector in a Gasoline Direct Injection (GDI) engine under 
high ambient pressure conditions was studied by the new hybrid breakup model. The proposed 
hybrid breakup model was composed of the Linearized Instability Sheet Atomization (LISA) 
model as a primary breakup process. The Aerodynamically Progressed Taylor Analogy 
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Breakup (APTAB) model, instead of the Taylor Analogy Breakup (TAB) model, was used as 
a secondary breakup process. The effects of the droplet deformation on a droplet aerodynamic 
external force were considered in the APTAB model. In Figure 2. 14 the spray characteristics, 
seen in a high-pressure swirl injector, were analysed by the numerical method at the ambient 
pressure of 0.1 MPa, 0.5 MPa and 1.0 MPa for the ambient temperature of 293 K. The simulated 
result showed that the calculated spray tip penetration and spray width showed a similar 
tendency with the experimental results by using the LISA+APTAB model. The LISA+APTAB 
model showed good prediction ability under the various ambient pressure conditions. 
 
 
Figure 2. 14 Spray-induced gas entrainment according to time after injection (Pa = 0.1 MPa, 0.5 
MPa, 1.0 MPa) (Shim et al., 2008) 
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Lechner et al. (2005) conducted an evaluation of a narrow spray cone angle and advanced 
injection timing strategy. The purpose was to achieve partially premixed compression ignition 
combustion in a diesel engine to reduce nitric oxides (NO
x
) and particulate matter (PM) 
emissions experimentally and numerically. In CFD simulation, KIVA 3-V was provided to 
simulate the fuel injection events within the entire cylinder, and the WAVE breakup model, 
developed by Reitz and Diwakar, simulated the fuel spray breakup. CFD analysis identified 
possible causes for the increased PM levels with the 60° nozzle at 45° BTDC (before top dead 
centre). This insight motivated the study of a lower flow rate, 60° nozzle as presented in Figure 
2. 15. The lower flow rate nozzle, by way of smaller nozzle holes, assisted spray atomization 
and vaporization creating more premixed burn, thus reducing the PM level. 
 
 
Figure 2. 15 In-cylinder fuel vapour distribution for the 60° nozzle at 45° BTDC, when fuel was 
injected at 47° BTDC. EGR (exhaust gas recirculation) rate is roughly 38%, rail pressure is 1000 
bar (Lechner et al., 2005)  
 
A numerical study was performed by Schmidt et al. (1999) to simulate the atomization of spray 
from pressure-swirl atomizers. Linearized Instability Sheet Atomization (LISA) model, 
proposed by Senecal et al. (1999), was utilised to simulate the droplet formation from a 
disintegrated liquid sheet. As the only numerical model that specifically developed for a 
pressure-swirl atomizer, it showed a great agreement in Figure 2. 16 with the experimental data 
in several aspects, such as droplet size distribution, spray penetration depth, and the spray plume 
shape. 
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Figure 2. 16 Validation of numerical result, in terms of spray penetration, droplet size development 
and spray plume shape (Schmidt et al., 1999) 
 
In summary, numerical simulations were widely applied in the study of high injection pressure 
spray atomization, and the numerical results of these studies showed a good validation with 
experimental data. Wave instability theory and other derived mathematical formulae can 
calculate spray droplet size. The coupling of spray droplet phase and gas phase and turbulence 
effect were well described by numerical models. The LISA model was developed to simulate 
the spray atomization of pressure swirl atomizer. The model could be applied to nasal spray 
device which was also using pressure swirl atomizer. However, the high application simulation 
was not applicable to the nasal spray device which had a much lower pressure. 
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2.3.2 Numerical studies of low pressure spray atomization 
 
Different from the extensive research of high pressure spray injection simulation via CFD in 
literature, the numerical studies regarding low pressure spray remain limited. 
 
Fogliati et al. (2006) have simulated the spraying process of a paint gun in the automotive 
industry. The calculations of flow of the gas phase were based on the RNG or Realizable k-ε 
turbulence model. The Eulerian-Lagrangian approach was used in this study, thus the trajectory 
of each droplet could be traced. The initial conditions for the droplets were determined from a 
simulation of the paint jet at the exit of the nozzle in the same study. The study revealed that 
the RNG k-ε turbulence model showed better prediction of spray velocity decay, while the 
Realizable k-ε turbulence model had better accuracy in spray plume shape prediction. 
 
 
Figure 2. 17 Sectioned deposition results of a transient polydisperse aerosol released over 2 s from 
the capillary tip for (a) non-evaporating particles, and (b) evaporating droplets (Longest et al., 
2007) 
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Longest et al. (2007) did a comparison via a sectioned induction port model between the 
experimental measurements and numerical simulations of aerosols deposition. As displayed in 
Figure 2. 17, Lagrangian particle tracking algorithm was used to simulate the turbulent 
dispersion and evaporation effects on the aerosols combined with near wall anisotropic 
turbulence corrections. Good validation has been indicated by the result, meanwhile in order to 
improve the capillary aerosol generation process and to increase the delivery of aerosols to lung 
the numerical model could be applied. 
 
 
Figure 2. 18 Drug deposition simulated with CFD in (A) the USP induction port (USP-IP) and (B) 
the mouth–throat geometries MT (Longest and Hindle, 2009) 
 
Longest and Hindle (2009) evaluated the performance of the Respimat® Soft Mist Inhaler 
(SMI, which was not strictly a pMDI as the aerosol was generated via a spring-driven 
mechanical mechanism rather than with a pressurized propellant) through the concurrent use of 
CFD and in vitro dispersions into the USP-IP and realistic mouth–throat geometry (MT). 
Lagrangian particle tracking algorithm with corrections for near wall anisotropic turbulence 
was applied to model the effects of turbulent dispersion and evaporation on the aerosols as 
shown in Figure 2. 18. As such further modification of the Respimat® mouthpiece, with the aid 
of CFD, may significantly reduce device deposition. 
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In summary, the Eulerian-Eulerian approach can be applied to studies involving the analysis of 
flow inside an atomizer and the flow behaviour at close to nozzle region. The Eulerian-
Lagrangian approach is normally applied to the studies, focused on the spray droplet dispersion. 
For Eulerian-Lagrangian approach, spray droplet parcels are injected to the numerical domain 
and the coupling of droplet phase and gas phase are calculated by momentum equations. 
Turbulence models are applied to simulate the turbulent effect caused by the flow induced by 
the droplet phase or cross flow. 
 
2.3.3 Numerical study of nasal spray atomization process 
 
In this particular field regarding commercial pharmaceutical nasal spray device atomization, 
breakup simulation was rarely cited in previous literature. One of the main researches done by 
Fung et al. (2012) explained the process of simulation. Firstly the computational domain was 
set to simulate the spray atomization via a cylinder which had dimension of 1m diameter and 
1m in depth. Later in the centre the mesh contained of both quad and hexa elements with an O-
grid was applied in order to attain a fine mesh in the spray region. Thus after grid independence 
(based on spray penetration) the total number of mesh elements was 2.16 million cells. The 
third order accurate QUICK (Quadratic Upstream Interpolation for Convective Kinematics) 
scheme was the base of discretization of these equations, whereas a second order upwind 
scheme was used for the turbulent kinetic energy and dissipation rate. SIMPLE (Semi-Implicit 
Method for Pressure Linked Equations) scheme was used for the pressure-velocity coupling. 
The Runge-Kutta scheme was utilized for the integration of droplet trajectories. To avoid 
reverse flow and minimize the influence of inlet flow on the momentum of spray droplets the 
inlet with low flow velocity was fixed at the boundary, and the simulation was carried in steady 
state mode for continuous phase. Lagrangian phase was applied to the unsteady droplet tracking 
to allow two-way coupling.  
 
The mean volume diameter (D30) and Sauter mean diameter (D32), generated from three 
downstream locations from the spray nozzle, were presented in Figure 2. 19 with the selection 
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of a dispersion angle of 3° and a sheet constant of 1. The comparison of SMD at the spray 
periphery displayed an under-prediction in the droplet size between 6 and 9 mm downstream, 
whereas between 9 and 12 mm downstream there was a good agreement for D30 and D32. In 
general, the results showed that the LISA atomization could predict both droplet sizes at different 
locations in near nozzle region accurately. 
 
 
Figure 2. 19 Schematic of experimental data and the regions used for validation of the CFD model 
(Fung et al., 2012) 
 
It was expected that gas motion affected the droplet trajectory with small Stokes number 
significantly. Hence, with any turbulent eddies within the flow the small droplets would be 
transported and dispersed. Figure 2. 20 exhibited the distributions of the 10,000 largest and 
10,000 smallest droplet, it was found that due to the existence of turbulent fluctuations in the 
flow smaller droplets scattered, larger droplets would be more likely to move in a straight line 
aligned with the liquid sheet direction. Additionally, because of the higher velocities that were 
sustained by the droplet’s own inertia the larger droplets had a much shorter residence time 
than small droplets, although the smaller droplets velocities were declined from drag. 
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Figure 2. 20 (a) Comparison of average velocity variation against downstream location (b) Droplet 
dispersion comparison between a two-coupling and a one-way coupling simulation. (Fung et al., 
2012) 
 
This sole CFD simulation trial study would be used as a model in the future deposition study 
inside human nasal cavity. However, the boundary conditions were not realistic, since the 
experiments carried out in this thesis can provide some vital real boundary condition 
information, the self-generating spray cone spray model can be derived and modified to 
simulate the spray atomization in a more accurate way to strengthen the understanding of drug 
delivery efficiency inside of the human nasal cavity. 
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2.3.4 Numerical studies of particle deposition in nasal cavity 
 
At flow rate of 20L/min, the occurrence of turbulent flow has been confirmed in the human 
nasal cavity and the k-ε turbulence model was used by Inthavong et al. (2008a). The k-ε 
turbulence model was the most commonly used to simulate turbulence flow, based on the 
assumption of a single eddy viscosity for all three components of the velocity vector and 
isotropic turbulence. As a main researcher in this particular area, Inthavong et al. (2006) has 
done three main simulations regarding particle deposition in nasal cavity. 
 
 
Figure 2. 21 Deposition patterns for 15μm particles released uniformly from the inlet surface 
normal to the nostril openings at u*=1 m/s and u*=10 m/s (Inthavong et al., 2006) 
 
The first case study presented deposition of 15 µm particles as illustrated in Figure 2. 21. At 
u*=1 m/s within the vestibule, nasal valve regions and along the septum walls particles were 
mainly concentrated, while when u* is increased to 10 m/s the additional momentum caused by 
29 
 
the driving force of the initial injected flow velocity, was added to the particles. This increment 
in momentum was due to the difference in velocities of the gas and particle phase. The particles 
travel in the normal direction to the nostril inlet further linearly, with 88% blocked at the top of 
the vestibule, and merely 12% of particles would be able to adjust to the curvature in time, and 
these particles stayed in the upper regions of the nasal cavity throughout the flow.  
 
 
Figure 2. 22 Deposition patterns for 15 µm particles released uniformly from the inlet surface 
uniformly from the inlet surface at insertion angles 70° and 30° (Inthavong et al., 2006) 
 
The second one was to release 15 µm particles uniformly with different insertion angle to check 
the concentration of particles as presented in Figure 2. 22. When α=70° minimum deposition 
for smaller sized particles (10 µm and 15 µm) was found. On the inside of the curvature as more 
particles adopted the streamlines the 70° direction of particles improved the ability of turning. 
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When α further decreased, i.e., the direction of discharge was towards the horizontal, the 
deposition of particles increased as a higher percentage of particles were directed at the 
adjoining wall of the nostril, albeit at a small margin. 
 
 
 
Figure 2. 23 Deposition patterns for 15 µm particles released at 10 m/s from a small internal 
diameter at the centre of the nostril inlet surface. The spray cone angles ranged from 20° and 80° 
(Inthavong et al., 2006) 
 
The third one was point released spray cone with different but constant particle size and 
different spray cone angles as demonstrated in Figure 2. 23. It showed the flow for 15 μm. 
When β=20° the shape was centralized and when β=80° there was an increment in deviation 
from the centre. In term of deposition, for β=20° particles concentrated at the top of the nasal 
cavity and near the septum walls, and about 33% deposited in the first two zones, for β=80° a 
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higher proportion of deposition would be observed in the vestibule regions. 
 
e  
Figure 2. 24 Computational model inclusive of the nasal spray device, highlighted in red 
(Inthavong et al., 2011a) 
 
In another research, Inthavong et al. (2011a) considered the inserted nasal spray bottle head as 
shown in Figure 2. 24. Under a laminar flow that flow rate was at 15 L/min was simulated, and 
another simulation was conducted, for comparison, under the flow rate of 20 L/min by using 
the low-Reynolds number k–ω turbulent model. For the momentum equation the QUICK 
scheme was used, and through the SIMPLE method the pressure-velocity coupling was set. The 
wall boundary condition was set to ‘trap’ for the particle which meant that the wall would trap 
the ejected particles immediately once hit the wall. Meanwhile the effects of accretion and 
erosion of particles on the walls were not taken into consideration.  
 
Additionally, Inthavong et al. (2011a) found out that between the hollow and the solid spray 
cones there were small differences. For both the 5 and 15 μm particles, the deposition fraction 
was higher in the middle nasal region for hollow spray cones, the possible reason was the radial 
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distribution of the particles due to the swirling component. For 15 mm particles, about 11% of 
the released particles deposited in the middle region of the nasal cavity for the atomized hollow 
spray. However, 100% released particles deposited in the anterior region of vestibule for solid 
sprayed cone, and hence 0% particles deposited in the middle region. For 50 mm particles all 
released particles deposited in the anterior region of vestibule as well, and no particles flowed 
into the middle region. The swirl fraction generated a radial velocity component for hollow 
spray cones that assisted the particles towards the nasal valve region horizontally, helping to 
increase particle flow through to the middle nasal cavity. 
 
These numerical studies via CFD simulation opened the front door of examining the current 
pharmaceutical nasal spray performance regarding particle deposition in nasal cavity. However, 
the nasal cavity model, boundary condition, and method were not realistic adequately, because 
all the setting were based on an ideal model. Hence, the more realistic setting are advised from 
experimental results to build a more accurate model to simulate the particle deposition inside 
of the nasal cavity. 
 
2.3.5 New nasal spray drug delivery mechanism 
 
As shown in Figure 2. 25, the Breath Powered Bi-Directional delivery mechanism (Djupesland 
et al., 2004) can be employed in the small devices without complex electromechanical cost, and 
overcomes many deficiencies of conventional nasal delivery device. Both liquid and powder 
drug formulations can be delivered using such devices. This original nasal delivery equipment 
contains a flexible mouthpiece and a shaped, sealing nosepiece. It is designed to exploit unique 
aspects of the nasal anatomy and physiology to improve the extent and reproducibility of drug 
delivery to target regions in the nose while avoiding the risk of lung inhalation.  
 
The user inserts the shaped nosepiece into one nostril to produce a seal with the nasal tissue, 
and to hold the mouthpiece between the open lips. Then a deep breath is taken to close the lips 
around the mouthpiece and exhales forcefully into the mouthpiece. The oral exhalation into the 
nasal device generates a positive pressure in the oropharynx to elevate and seal the soft palate, 
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then finally completely separating the nasal and oral cavities. Due to the sealing nosepiece, the 
airflow with dynamic positive pressure is transported by the device into the nasal cavity, hence 
it expands the nasal valve and narrow passages. Owing to the resistance of the device and the 
nasal passage, the intra-nasal pressure becomes slightly reduced in comparison with the intra-
oral driving pressure. The procedure balances the pressure automatically across the soft palate 
to evade the over elevation of the soft palate. This is vital as it maintains patency of the 
important communication pathway between the two nostrils, allowing the exhaled breath to 
escape from the contralateral nostril while relieving the nasal cavity of excess pressure. 
 
 
Figure 2. 25 Illustration of the Breath Powered nasal delivery (Djupesland et al., 2013) 
 
As illustrated in Figure 2. 26 (Djupesland, 2013), to measure differences in deposition, the nose 
was divided into 3 horizontal sections, and a vertical dividing line was positioned at the head 
of the inferior turbinate, and radiation counts within each section were quantified after 
administration. 
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Figure 2. 26 Gamma camera images 2 minutes after delivery using a traditional liquid spray (a) and 
powder with OptiNose Breath Powered Device (b) shown with a logarithmic hot iron intensity scale 
(The red dotted lines indicate the segmentation used for regional quantification) (Djupesland et al., 
2013) 
 
The Breath Powered powder device demonstrated a broader deposition in Figure 2. 27 on the 
regions where nasal mucosa is lined by ciliated respiratory epithelium (especially upper and 
middle posterior regions, but also the upper anterior and middle anterior regions) with less 
deposition in the non-ciliated nasal vestibule and significantly greater initial deposition to the 
upper posterior regions beyond the nasal valve compared with the conventional spray delivery 
(54% vs. 16%). In contrast, liquid sprays deposited most of the dose (60% vs. 17%) in limited 
regions in the lower parts of the nose. 
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Figure 2. 27 (a) Initial Regional nasal deposition (0-2 minutes) for Breath Powered powder delivery 
device and delivery with a traditional nasal spray pump. (b) Initial horizontal nasal distribution (0-2 
minutes) for the Breath Powered powder delivery device and delivery with a conventional nasal 
spray pump (Tepper et al., 2015) 
 
Due to the unique particle transfer mechanism by closing the pharynx region, it is clear that by 
using this new designed nasal spray device more particles can be atomized into the targeted 
region than the conventional nasal spray devices. A detailed comparison study with the 
conventional nasal spray devices can further unveil the advantages of this nasal spray device. 
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2.3.6 Surface mapping for visualization 
 
Shang et al. (2015a) have done a study to convert a 3D model to 2D surface, the flow chart was 
outlined in Figure 2. 28. By using Ansys Fluent CFD, the data containing detailed geometry 
information regarding the 3D nasal cavity was outputted, then accessed through MATLAB. 
The next step was to rearrange the data to the .obj file format. The propose of rearranging was 
to allow the data to be read into an open source application (Blender, Blender Foundation) or a 
commercial 3D modelling software (3DUnfold, Polygonal Design, France). The key function 
of the software was that the 3D model could be unwrapped at a defined seam under the 
ISOMAP algorithm. At last the converted 2D geometry of nasal cavity in the U–V domain with 
new coordinates was exported back into Matlab. After achieving a 2D profile, it could be 
coupled with solution data, obtained from CFD, in the form of the flow variables and particle 
deposition. A Matlab graphical user interface (GUI) was developed as presented in Figure 2. 
29, the GUI is with an intermediary function to pair the two separate sets of data. 
 
 
Figure 2. 28 Flow chart showing the conversion process of a 3D nasal cavity geometry into a 2D 
surface representation. (Inthavong et al., 2014b) 
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Figure 2. 29 Developed GUI of Matlab program to read in the CFD and 2D-model geometry data 
(This tool is available online at www.cfdresearch.com/matlab-2/uv-unwrapping-tool/) 
 
In Figure 2. 30 the flow process was presented graphically. At first the nasal cavity was 
separated into the left and right chambers. Then by creating a cutting slice along the bottom of 
the geometry each chamber was unwrapped. Simultaneously, the cutting process created a 
common reference boundary that the surface coordinates could be related to. The common 
boundary edge was divided by the inlet and outlet of the nasal chamber. Moreover the selection 
of the nasal floor guaranteed correct topology in the UV-domain for regions with overlapping 
geometry, for instance, the meatus airway. 
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Figure 2. 30 Flow process in unwrapping the surface of a 3D model into a 2D domain (Inthavong 
et al., 2014b) 
 
The 3D space nasal cavity could be only portrayed from one viewpoint, this was a critical 
disadvantage to inspect specific regions that not in the same surface. Figure 2. 31 proved that 
the UV-unwrapping had the ability to define four specific locations, marked as A, B, C, and D 
with one view in 2D space instead of four views required in 3D space. Direct comparisons 
between left and right chambers could be done by a single view of the entire surface.  
 
This method could also demonstrate particle deposition patterns for entire nasal cavity in one 
view. Further variations would be presented between individual nasal cavity geometries due to 
gender, race, and age. For direct comparisons to be made in such case, the UV-unwrapped 
surface needed to be normalized in its U and V coordinates. 
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Figure 2. 31 Identification of four specific locations, A, B, C, D located on nasal cavity 1 (NC1 
model) that can be viewed simultaneously in 2D space, but requires four different perspective views 
in 3D space (Inthavong et al., 2014b) 
 
Following the UV-unwrapping method, Shang et al. (2015b) and Shang et al. (2015a) have 
done another study regarding particle deposition. The study demonstrated the local particle 
deposition patterns for 2.5 µm, 10 µm and 20 µm particles in both 3D transparent models and 
mapped 2D domains in Figure 2. 32 (b)-(d). The three used particle sizes represent PM2.5, 
PM10 and larger ambient particles respectively. The mapping division for the nasal cavity, as 
reference, was shown in Figure 2. 32(a). For each case, caused by the increased flow rate (a 
higher inertial), the particle deposition in the left chamber was higher than in the right chamber. 
Three highly localized deposition hot spots were found. Two of these regions were located at 
top of vestibule and pharynx region, because they were at downstream of 90-degree bends. The 
higher inertial particles, with reduced particle response times, were unable to turn and follow 
the curved flow streamlines. The third hot spot was located at the middle turbinate and the 
middle meatus (region-8 marked in the reference), because soon after being inhaled into the 
nasal cavity, a large amount of particles directly impacted on it. 
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Figure 2. 32 Comparisons of particle depositions in the 3D transparent image and on the 
normalized 2D surface-mapped domain. (a) Mapping division for the nasal cavity. (b)–(d) 
Deposition patterns in 3D transparent models and in mapped 2D domains for particle sizes of 2.5 
lm, 10 lm and 20 lm respectively. (Shang et al., 2015b) 
 
To sum up, this UV-unwrapping method is an efficient way to examine the particle deposition 
patterns inside the nasal cavity by transferring 3D model into simple 2D domain, especially for 
comparison between the left and the right passages or demonstrating the deposition for both 
left and right chambers. 
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CHAPTER 3 
Experimental 
Methodology 
 
3.1 PARTICLE MEASUREMENT TECHNIQUES 
 
3.1.1 Phase Doppler Particle Analyser (PDPA) and Particle Image Velocimetry (PIV) 
 
One of the most important external characteristics of droplet is the size (another is velocity), so 
during the last century the measurement methods could be categorized into three groups: 
mechanical method done by Hausser and Strobl (1924), electrical method worked by Wicks 
and Dukler (1966), and optical method conducted by Dombrowski and Fraser (1954). As 
mentioned in Figure 2. 2 the size of droplet is less than 500 microns, so it is very hard to get 
the precise measurement of droplet, furthermore while the measurement is being undertaken 
there are various sources of error which include sampling (spatial and temporal), sample size, 
drop evaporation, sampling location, etc.  
 
 
Figure 3. 1 Schematic of the phase/Doppler particle analyser (Lefebvre, 1989) 
 
42 
 
Currently high speed camera and phase Doppler particle analyser (PDPA) shown in Figure 3. 
1 was used to detect the size and velocity of droplet due to the fact that they are more accurate 
and cost less. High speed camera used the frame gap, a very short duration, to capture the path 
of the same droplet to get the velocity of the moving (high speed) droplet. The basic theory of 
PDPA descripted by Bachalo (1980) was as “when the spray droplet is passed through the 
measured volume of the fringe created by the laser beam, the detected phase difference and 
Doppler signal frequency were detected by the receiver and converted to droplet size”. The 
overall measurement size range was from 0.5 to 3000 µm. 
 
 
Figure 3. 2 Principal PIV setup in a wind tunnel (The 2nd Symposium on Advanced In-flight 
Measurement Techniques Germany) 
 
The Particle Image Velocimetry (PIV) is a mature optical method that is commonly used to 
determine instantaneous fluid velocity. The fundamental principle of the PIV technique is based 
on seeded tracer particles which are small and follow the flow dynamic in the designated flow. 
Meanwhile the added particles are illuminated by a pair of co-planar pulsed laser light sheets 
which are orientated normal direction to the imaging axis of the camera (Figure 3. 2). Then the 
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camera system can capture the scattered light of the released particles, later the two images 
contained targeted particles are recorded at two different times t and t’ in two different frames. 
At last the velocity profile of the wanted particle should be derived from the displacement 
length of the tracer images and the time delay between the two laser pulses with the 
magnification times of the imaging system. The evaluation of the paired PIV images at two 
times t and t’ is determined by a cross-correlation algorithm within small interrogation windows. 
 
3.1.2 Particle/Droplet Image Analysis (PDIA) 
 
PDIA is a technique which enables the sizing of spray droplets or particles in micron scale. By 
using this technique, spray images are taken with a digital camera and the Nd:Yag laser was 
used as an illuminated source (Figure 3. 3). The digital images are processed to distinguish 
between particles and an illuminated background. Each pixel of the image is assigned a "grey 
level" value ranged from 0 (black) to 255 (white) and measured by a threshold segmentation 
algorithm which was conducted by Whybrew et al. (1999) and Yule et al. (1978). If the value 
of a pixel is higher than the designated threshold it would be considered to be part of a particle. 
Since the background might not reach true white level, to the value of 255, the threshold level 
should be adjusted slightly below the minimum background level for better accuracy. For a 
spherical particle the diameter is simple and straightforward, but for a non-spherical shape the 
particle size could be calculated in different approaches, which includes the determination of 
pixel area and pixel diameter (2003). 
 
The effect of diffraction, defocus and optical resolution would affect the measurement accuracy 
of PDIA for small spherical particles. It is caused by the blurred edges (shadow edges) during 
recording process due to the internal mechanism inside of the digital camera, i.e. images are 
captured via a system of lenses. Kashdan et al. (2004) have shown some detailed calibrations, 
for instance, the field calibration depth for exact camera lens and measurement bias correction 
towards larger droplets. The effect on shadow droplet properties could be quantified and 
accounted for by experimental calibration data of the system available. Therefore by utilising 
44 
 
the intensity gradient in the droplet image the diameter corrections of de-focused droplets could 
be solved. 
 
 
Figure 3. 3 Set-up of PDIA (Dantec Dynamics, a Nova Instruments company) 
 
For the measurement of illuminated particles which are out-of-focus there are two thresholds. 
The first one is for the dark core area and the second one is for the grey coloured rim area. The 
best focused plane of recording should be marked from the pre-setting, the genuine particles 
size could be assumed from the designed algorithms in the designated focus plane. 
Simultaneously the particles would be rejected by the system automatically if they are too far 
away from the focused plane. Meanwhile if the particles are next to the edges of images their 
diameters would be adjusted to divulge the real size. Thus there is an increment up to 30% in 
particle size due to the out-of-focus effect. 
 
For recording illumination the dual cavity solid state Nd:YAG lasers are used commonly. 
Optically pumped solid state Nd:YAG lasers use either flash-lamp or laser diode to emit light 
with wavelength 1064nm in the infrared. Q switching mode with an optical switch inserted into 
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the laser cavity is usually employed for pulsed lasers which was done by Buchmann (2010). 
The pulse energy can be manipulated by altering the delay time between the flash-lamp and the 
relaxation of the neodymium ions controlled by the Q-switch. The synchronization of the laser 
and camera is the key factor in the acquisition of spray images. When the lasers are operated in 
Q-switch mode the relevant delays and flash lamps are triggered by external Transistor-
Transistor Logic (TTL) signals through a 4 channel delay generator. 
 
3.1.3 High Speed Camera visualization 
 
High speed camera is a very useful tool to analyse external characteristics of spray, i.e. spray 
cone shape, break-up length and break-up radius, because nasal spray atomization is relatively 
short in duration and small in spray area. The latest high speed camera visualization system is 
an advanced system that is capable of filming a fast moving object under a powerful light source 
and playing it back in slow motion frame by frame. A set of continuous photographs is taken at 
high sampling frequency based on sensitive CMOS sensors and a good shutter system. Since 
the high frame rate is the key function of recording, the exposure time for each frame is 
extremely short, thus a high power Tungsten light is an ideal illumination source. 
 
 
Figure 3. 4 High speed camera (Left), High power Tungsten Light (Right) 
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The actuation device was placed between a high speed camera and a powerful Tungsten light. 
The additional light source (ARRI 2000W spotlight) was used to boost illumination and to 
produce a shadowgraph images because of the shorter exposure times. Spray images were 
captured by Phantom V1610 digital high-speed camera with 1280 × 800 CMOS sensor which 
is shown in Figure 3. 4. The frame rate and exposure time were 16000 per second and 1 µs 
respectively. The full development of spray plume was captured. Up to 16 sets of images were 
captured for each different actuation bottle. 
 
3.1.4 Sobel method for edge detection 
 
The Sobel operator created by Sobel (1990), also called the Sobel-Feldman operator or Sobel 
filter, is used in image processing, predominantly within edge detection algorithms where it can 
create an image by highlighting edges. It was named after Irwin Sobel and the co-developer 
Gary Feldman, the colleagues in the Stanford Artificial Intelligence Laboratory (SAIL). Sobel 
and Feldman presented the solution in 1968 of an "Isotropic 3x3 Image Gradient Operator" in 
SAIL. Theoretically the Sobel method is a discrete differentiation operator that computes an 
approximation of the image intensity function gradient. At each pixel in the image, the outcome 
of the Sobel-Feldman operator is either the corresponding gradient vector or the norm of this 
vector. The Sobel-Feldman operator is based on convolving the image in the horizontal and 
vertical directions with a small, separable, and integer valued filter, thus it is fairly inexpensive 
in terms of computation cost. On the other hand, the Sobel method produced gradient 
approximation is relatively crude due to the high frequency variations in the images. 
 
3.2 EXPERIMENTAL SET-UP 
 
3.2.1 Core set-up 
 
The core set- up was shown in Figure 3. 5. The nasal spray bottle was fixed on a platform to 
avoid the lateral motion during actuation. The pneumatic actuator (model: SMC-CXSL10-10; 
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ADI, Inc., Hatfield, Pennsylvania) was located under the bottle and is connected to a two-way 
solenoid valve which was controlled by a programmable logic control (PLC) unit (model: Allen 
Bradley 1760-L12BWB). The spray bottle moved up and down with the platform during 
actuation, while the spray nozzle was kept at a constant position for image acquisition by 
visualization system.  
 
  
Figure 3. 5 Schematic of automated actuation system with the core actuation 
 
The actuation force was controlled by the back pressure which was sourced from pressure mains. 
Speed controllers (model: SMC-AS2002F-06; Allied Electronics, Inc., Fort Worth, Texas) were 
installed in the two pressure lines to control the flow rate of compressed air between the 
solenoid control valve and actuator. Hence, the actuation speed of pressing and releasing of 
nasal spray bottle were manageable. The PLC unit consisted of mechanical switches, timer and 
counters. Thus, the timing and the number of the on and off of solenoids, could be controlled 
by the built-in programs which were editable. Furthermore, PLC had a role of communicating 
with the PDIA and PIV system. The mechanical signal emitted from the PLC unit was 
converted to a digital signal by a Schmitt trigger and was sent to PDIA to trigger the digital 
camera for image acquisition. 
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3.2.2 Physical matching set-up 
 
Ahead of the filming procedure a pre-experiment was done, the purpose was to imitate human 
physical actuation. As stated in the above paragraph and in Figure 3. 5, the PLC unit was acting 
as a switch to control each individual actuation, while the other three key elements which are 
pressure valve, inlet speed controller and outlet speed controller can define the characteristics 
of a spray cone besides the spray bottle itself, since its trigger mechanism always remained 
stationary.  
 
 
Figure 3. 6 Schematic of Experiment Set-up for matching study and a snapshot of glued strain 
gauge 
 
In order to match the real physical actuation, firstly a set of human physical test results should 
be obtained and later used as a datum. To fulfil this purpose, Vishay 7000 Data Acquisition 
System and strain gauge (the function was to measure the strain drop versus actuation time, the 
strain means the reduction of length over the original length, by measuring this data the 
deformation could be quantified and recorded) were introduced to record the strain change of 
nasal spray bottle while actuating. Thus a strain gauge was glued vertically on the upper bottle 
exterior surface wall based on the strain gauge installation law, then the gauge wires were 
plugged into Vishay 7000 Data Acquisition System to monitor and record the strain profiles 
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(Figure 3. 6). Vishay 7000 Data Acquisition System is built in with a series options for sampling 
rate, so for this experiment the sampling rate was chosen as 2k resolution which meant 2000 
data per second, fitting with the spray duration itself which is ultra-short, mostly accounted for 
within 1 second.  
 
The whole procedure was divided into 2 steps which were illustrated in Figure 3. 6. The first 
one was by hand, 20 male university bachelor students were invited to carry out this test. Then 
all participants were asked to press the spray bottle to the ambient air with normal force neither 
too heavy nor too gentle 5 times with 1 second pause between each actuation with their 
dominant hand. After acquisition of 100 sets of data each individual’s profile was drawn by 
averaging 5 times manual pressing. Later 20 individual profiles were plotted, and at last the 
averaged physical profile was achieved. This result was used as the reference value for 
mimicking process. 
 
 
Figure 3. 7 Matching procedure via matrix method 
 
After finishing the first step the second step involving the actuator was begun, the aim of this 
process was to look for one machine spray strain profile that could be a replica of a human 
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physical profile. At the beginning, one testing sequence matrix was designed that can be seen 
in Figure 3. 7. The machine test had 3 variations, i.e. controlled input pressure valve, inlet speed 
controller, and outlet speed controller; thus it was a 5*23 by 23 matrix. Pressure was tested with 
an increment of 0.25 bar from 3 to 4 bar where based on trial testing result, because the outcome 
showed that strain drop was bigger than the result from step one if the pressure was bigger than 
4 bar and was smaller if the pressure was less than 3 bar. While the inlet and outlet speed 
controller, controlling the spray duration, was operated with an increment of 0.5 turn from 0 to 
11 turns independently, i.e. fully open to closed. The mechanism was to hold one value static 
and to adjust the other two settings. Therefore 2645 tests should have been done to complete 
the step two, and for each test 9 actuations were operated to get the average strain drop profile 
by PLC unit and solenoid control valve which was introduced by Fung et al. (2013). PLC unit 
was set to pause 1 second between each actuation, the aim was to allow the bottle reform after 
being pushed. As a result, one setting, matched with human average actuation profile, would 
be used in the filming experiment. 
 
3.2.3 Spray external characteristics study set-up 
 
The in-house automated actuation system used for PDIA measurements shown in figure below 
was adopted from Fung et al. (2013) and was similar to high speed filming. The main difference 
was that the automated actuation system was placed on the transverse unit, so it could 
manoeuvre upwards and downwards to the desired location for droplet size measurement. 
Meanwhile, the SensiCam was used for capturing the spray images and Nd:Yag laser replaced 
the Tungsten light as the light source (Figure 3. 8 showed the real in house set-up, and Figure 
3. 9 illustrated the schematic). The objectives of this experiment were to obtain the particle 
sizes, particle size distribution and the relevant velocity distribution for each designed FOVs. 
The outcome would further unveil the spray characteristics in the near nozzle region for current 
nasal spray devices. 
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Figure 3. 8 Real experimental setup to capture spray atomization 
 
 
Figure 3. 9 Schematic of experimental setup to capture spray atomization 
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3.2.4 Spray outline filming set-up 
 
The objective of this experiment was to capture the outline of the spray cone during the fully 
developed stage (i.e. between the tulip stage and collapse stage) and within the region between 
nozzle and first break-up length. Thus in order to achieve this purpose the specialised equipment 
was needed, for example a High Speed Camera (HSC) and spotlight. The specification of the 
Phantom V1610 HSC was with the resolution of 1280*800 pixels black & white and rate of 
16000 fps (frame per second), while the spotlight was 2000w that produced a resolution of even 
and bright light beam to illuminate the background of the image . 
 
 
Figure 3. 10 Schematic of Experiment Set-up for filming spray outlines 
 
As illustrated in Figure 3. 10 and Figure 3. 11, the experiment set-up was divided into two parts, 
which were recording and actuator.  
 
For the recording part, HSC and spotlight were positioned in a line but in opposite directions 
to make sure that the lens could be fulfilled with the light projected from spotlight to form an 
even, bright, and white background. During the recording phase an auto trigger zone was set 
right above the nozzle to detect the slight movement of spray beam via the built in software of 
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HSC. Once the actuation started the HSC would start filming the full spray until manually 
stopped when the spray vanished. Meanwhile the HSC was also set to keep a certain amount of 
frames before the trigger in order to record a whole loop of each spray. There were two main 
reasons to pick the auto trigger function. The first one was the camera memory capacity, i.e. 1 
second filming would consume 2 GB built in memory (32 GB in total) with the resolution of 
1280*800 pixels black & white, at the rate of 16000 fps (frame per second). The second one 
was that actuation duration was rather short, making a manual trigger not accessible.  
 
 
Figure 3. 11 Alignment of the Experiment Set-up for filming spray outlines 
 
For the Pneumatic actuator part, the actuator was held in the base which can be pushed up and 
down by PLC unit, which was connected with a high pressure valve that could reach up to 600 
KPa. Two speed controllers were linked between PLC unit and actuator to adjust inlet and outlet 
speed to imitate manual actuation. The actuator was placed in front of the lens (in between HSC 
and spotlight) to make sure HSC could focus on and capture the middle plane of the full spray 
cone clearly. During the whole experimental procedure, apart from start/stop which was 
manually controlled, the remaining critical process was done by pre-programmed equipment 
and unchanged constant manual set-up. Under these protocols two common brands of nasal 
sprays, which could be bought in market, were selected to conduct the experiment. Constantly 
water was chosen as the liquid to reference the data. To improve accuracy 16 tests were 
conducted for each brand, yielding 32 tests.  
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CHAPTER 4 
Experimental 
Outcomes 
 
4.1 PHYSICAL MATCHING  
 
In Figure 4. 1 below, the colourful lines represented the 20 individual human spray profiles. 
The strain drop varied from 375 to 875 where there was a big gap between the maximum and 
the minimum reading, while the duration increased as the strain drop increased, and it varied 
from about 500 to 1000 ms. The reason behind this deviation was human individual physical 
difference which can be seen in the chart by tracking the parabolic lines. 
 
 
Figure 4. 1 Nasal spray bottle physical tests by human result 
 
Although each person had a unique physical structure and strength, a larger sample rate with 
female participants and age spectrum might contribute to more accurate human profile. 
However, as served as a section of pre-experiment, this average result was adequately ideal and 
cost efficient to carry on the rest of experiment. Hence the average real human physical profile 
was taken with a 450 strain drop and approximately 800 ms duration. This was then set as the 
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parameters for the actuation machine. As mentioned in experimental set-up, 2645 tests (i.e. 
23805 actuations) should have been done to fulfil the 5*23 by 23 matrix testing sequence and 
match the human profile, however, the whole procedure was abbreviated for economy.  
 
The procedure was cut in to several steps to fast forward and skip the tests, which should have 
been done. The first step was to carry out 2 tests for 5 pressure settings with both inlet and 
outlet speed controller fully open and fully closed, i.e. 0 turns and 11 turns. By conducting this 
the strain drop range was verified that the best matching pressure was at 3.25 bar. Thus this step 
skipped at least 80 percent of the work which should have been done. The second step was to 
conduct 2 tests with both inlet and outlet speed controller fully open and fully closed 
(background coloured in blue in Figure 4. 2), like the first step at pressure of 3.25 bar. It was 
found that the testing result, with both inlet and outlet speed controllers fully closed, was similar 
to the human profile after judging the shape of the machine actuation strain duration profile. 
The third step was to follow the second step at 3.25 bar by controlling one value unchanged 
and adjusting the other, starting from with both inlet and outlet speed controllers fully closed. 
Hence 48 more tests were done (background coloured in green in Figure 4. 2), hereby the best 
matching one was found at 3.25 bar with 8.5 turns on inlet speed controller and 11 turns on 
outlet speed controller (background coloured in yellow in Figure 4. 2). In order to verify the 
finding, the tests were continued to build a buffer checking-up zone as the fourth step, so 
another 32 tests were done (background coloured in grey in Figure 4. 2). Then based on the 
observation and comparison, these results started deviating from the best match. The fifth step 
involved double checking. Another two testes were carried out to verify the best matching 
result.  
 
As a conclusion, the best machine setup was localized at 3.25 bar with 8.5 turns on inlet speed 
controller and 11 turns on outlet speed controller, as shown in Figure 4. 3. Sum of 94 tests were 
operated to look for the best match setting operated by machine. In comparison with 2645 tests 
that should have been done to fulfil the 5*23 by 23 matrix testing sequence, it only took 3.554% 
designed time and resource cost to accomplish this task.  
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Figure 4. 2 Matching result via matrix method 
 
 
Figure 4. 3 Averaged real human physical test result vs. matched machine result 
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4.2 SPRAY EXTERNAL CHARACTERISTICS STUDY  
 
The camera was moved into 11 different positions with a field of view (FOV) of 3.082 mm × 
3.853 mm by a traversing system which captured the characteristics of spray within the region 
of 12.3 mm downstream away from the spray nozzle, it was seen in Figure 4. 4. 
 
 
Figure 4. 4 Field of View (FOV) regions used for analysis of the spray in the near nozzle region 
 
The spray plume development within the first 3 mm of the spray nozzle during one actuation 
cycle for a 2.05 bar pressure was shown in Figure 4. 5. In this region the spray firstly developed 
into a tulip shape before expanding into a cone as a liquid sheet, but no droplets were formed 
at all. This implied that droplet formation would occur further downstream and that a user’s 
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insertion angle and depth would influence where the droplets would first form inside of the 
nasal cavity. The liquid sheet swirled violently from the actuation force before collapsing as 
the liquid finished discharging. 
 
 
Figure 4. 5 Spray atomization development at 2.05 bar taken at region R1 (The timing first begins 
from the moment actuation begins) 
 
For actuation pressures of 2.45 bar and 2.65 bar the images showed qualitatively similar liquid 
sheet development, but the actuation cycle was completed in successively quicker time with 
increasing pressure, which could be seen in Figure 4. 6. Spray atomization durations for each 
pressure case were 229 ms for 2.05 bar, 170 ms for 2.45 bar, and 150 ms for 2.65 bar. There 
was a slight delay between the beginning of actuation and the instance at which the liquid 
formulation first discharged, because of the force required to overcome the internal atomizer. 
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The total spray discharge times were: 144 ms for 2.05 bar, 129 ms for 2.45 bar, and 127 ms for 
2.65 bar. 
 
 
Figure 4. 6 Spray atomization development profiles at (up) 2.45 bar and (down) 2.65 bar taken at 
region R1 (The timing first begins from the moment actuation begins) 
 
Downstream from the nozzle in row R2, the liquid sheet broke into ligaments before atomizing 
into droplets. Established droplets found in Row R3, upper Figure 4. 7 displayed that the shapes 
were not necessarily spherical with the continual deformation as the droplets moved through 
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the quiescent surrounding air. Lower Figure 4. 7 showed the droplets forming around the rim 
of the liquid sheet as it began to disintegrate into droplets. The swirling nature was also 
visualized in the ripples along the surface of the liquid sheet.  
 
R3 was at a distance of 6.16 mm to 9.24 mm from the nozzle, while its width was 11 mm from 
the spray centre, which was the similar order to the dimensions of the anterior nasal cavity. The 
continual droplet deformation would lead to secondary breakup where the droplets breakup into 
subsequent smaller droplets. The images found in row R4 were similar to that of row R3, 
therefore they were not shown for brevity. 
 
 
Figure 4. 7 Spray images in each of the FOV regions within (a) Row 3 and (b) Row 2 
 
Droplet size distribution measurements (Figure 4. 8), by volume mean diameter, were taken at 
two different times during actuation. t1 = 126 ms, t2 = 168 ms for 2.05 bar case and t1 = 88 ms 
and t2 = 134 ms for 2.65 bar case, and these instances of time can be referenced with spray 
development by the images in Figure 4. 6 and Figure 4. 7. The central FOV columns, C2, C3, 
and C4 along rows R3 and R4 were given. The general shape of the droplet size distribution 
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was a skewed distribution with a peak ranging between 50 µm and 110 µm. Comparisons 
between each of the FOVs showed some disparities. A larger percentage of finer droplets were 
found in row R4 and this was particularly significant for the higher actuation pressure case. 
Overall the 2.65 bar case produced a skewed distribution towards the left which meant that a 
larger percentage of finer droplets were produced.  
 
 
Figure 4. 8 Droplet size distributions of the volume mean diameters obtained for six FOVs along 
the rows R3, and R4 at (a) 2.05 bar, t1=126 ms (b) 2.05 bar, t2=168 ms, (c) 2.65 bar, t1=88 ms and 
(d) 2.65 bar, t2=134 ms 
 
Droplet velocities were obtained from two sequential snapshots separated by 6 µs in time. Two 
sample images paired in Figure 4. 9 with grid spacing of 337 µm showed the droplets’ trajectory 
62 
 
and its velocity determined through the distance of its trajectory over the period of time. The 
droplets in sub region R2-right contained streaks of liquid ligaments, which were present due 
to the liquid separating from the liquid sheet as it formed droplets for the first time. 
Subsequently droplets could be seen deforming and rotating as they moved further downstream. 
This suggested that the droplet size was dynamic and had potential to further atomize or shatter 
upon deposition on the mucosal surface of the nasal cavity. 
 
 
Figure 4. 9 Spray images in sub-regions within the FOV regions (a) R3C4 and (b) R2-right. Each 
image is separated by 6 µs in time. The initial image is brighter than the latter as the influence of 
the flash diminishes over the short period of time. Each square grid is 337 µm microns in size.  
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The average droplet velocity across the spray width for each of the FOV regions along rows R3 
and R4 are shown in Figure 4. 10. For a low actuation pressure of 2.05 bar, a Gaussian velocity 
profile was found with peak velocities occurring in the middle regions of the spray while at the 
spray periphery, low velocities occurred. In contrast, the velocity profile remained relatively 
constant around 21 m/s across the width of the spray, for an actuation pressure of 2.65 bar.  
 
 
Figure 4. 10 Averaged droplet velocity across the rows R3 and R4, taken at (a) 2.05 bar for t1=126 
ms and, t2=168 ms, (b) 2.65Bar, t1=88 ms, t2=134 ms 
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4.3 SPRAY OUTLINE AND BREAK-UP LENGTH 
 
Due to the actuator structure difference between each brand, the duration of each full spray 
video varied from 1000 to 1300 frames while the valid duration (fully developed stage) was 
from 800 to 1000 frames. Sobel function was used to detect the edge of spray cone of each 
fame, which could be seen in Figure 4. 11. In order to minimize the computational running time 
via MATLAB coding, a Field of View (FOV) was selected with a pixel matrix between 
(100,800) and (700, 1100). Thereby, as shown in Figure 4. 12, a 601 by 301 pixel matrix FOV, 
the red rectangular box was settled for 32 tests. 
 
 
Figure 4. 11 Video frames after Sobel edge detection process for both bottles 
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Figure 4. 12 Sample image Field of View (FOV) 
 
 
Figure 4. 13 Recorded outlines for both spray bottles by using MATLAB 
 
Within the MATLAB code, firstly the outline of spray cone was recognized, then on y axis the 
301 pixels were sliced into 150 sections which could be seen in Figure 4. 13. In each section a 
minimum and a maximum data point were recorded to represent the left and right edges of spray 
cone outline for each frame. Lastly the data of full spectrum of one spray was written and 
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derived into two Excel documents, i.e. a 800 to 1000 by 150 data matrix (differs from spray to 
another) for both left and right edge of spray outline. In the post analysis, the valid data section 
(fully developed stage) was selected, and then the maximum occurrence data points aligned on 
the outline were taken out to form the outline chart for each test. The last task was to overlay 
16 tests’ data to represent the averaged spray cone shape for each brand which could be seen in 
Figure 4. 14 and Figure 4. 15, therefore the spray cone angles (from horizontal to the spray 
edge) were measured as 60° and 80° for these two brands. The reason behind this experimental 
study was to look for an accurate averaged outline for each brand. Illustrated in Figure 4. 16, 
the three continuous frames of one spray, as an example, it was obvious to be observed that in 
each frame left and right edges were not symmetrical and the outline shape in sequential frames 
were not identical either. It became apparent that the variations cannot be predictable, as a result 
each frame differed from another. Thus the averaged outline cannot be defined by a single frame 
nor a sum average of a sample quantity of 10 frames. Under this observation and analysis, the 
best way to interpret data was to utilize the method mentioned in this paragraph to get an 
accurate outline, and to achieve the objectives of this study within the stated scope.  
 
 
Figure 4. 14 Outline of normal view of brand-D bottle 
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Figure 4. 15 Outline of normal view of brand-P bottle 
 
 
Figure 4. 16 Spray outline in 3 continuous frames 
 
Meanwhile in terms of first break-up length detection (Fung et al., 2013, Inthavong et al., 2012), 
due to the oscillating nature of the liquid sheet, the first break-up length was very difficult to 
determine by the Canny edge detection algorithm (Canny, 1986) i.e. The boundary was defined 
by targeting the greatest gradient of change of the intensity of pixels while boundary had a non-
zero pixel value, and the background had a pixel value of zero (black). Instead of this, visual 
inspection was done over the full spectrum of spray for each brand, hereby 500 to 700 frames 
were proved to be statistically sufficient to acquire the average value for each brand.  
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Figure 4. 17 Break-up length, break-up radius, and nozzle orifice radius for two bottles 
 
Marked in Figure 4. 17, the basic spray cone shape of brand-D was with a nozzle orifice radius 
of 0.35 mm, a first break-up length of 2.5 mm, and a first break-up radius of 2.5 mm, hence the 
spray cone angle was 80°. The basic spray cone shape of brand-P was with a nozzle orifice 
radius of 0.2 mm, a first break-up length of 3.3 mm, and a first break-up radius of 2.1 mm, 
hence the spray cone angle was 60°; all these parameters were used as the input in CFD 
simulation. 
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CHAPTER 5 
Numerical 
Methodology 
 
5.1 GEOMETRY AND FLOW FIELD MODELLING 
 
5.1.1 Conventional nasal spray device 
 
The nasal cavity geometry was gained via CT scan images of a human volunteer (48 year old 
healthy Asian male) for both left and right nasal passages and nasopharyngeal (Shang et al., 
2015a). Then this model was truncated at the anterior trachea to concentrate on the upper 
respiratory tract where the nasal spray medication targeted and passed. The reconstructed 
airway from CT scan could be seen in the figure below. 
 
 
Figure 5. 1 Modified model with an adult male face, ambient air, and a spray bottle inserted into 
nose 
 
This model was an upgrade and correction from previous study models (Inthavong et al., 2008b, 
Inthavong et al., 2008a). The aim was to present the flow conditions in the near nostril inlet 
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region in a more detailed and real scenario which could be seen in Figure 5. 1. The improvement 
included the external nares, facial features, inserted nasal spray bottle, and the ambient air 
environment next to face. The most significant modification was the vestibule. In the previous 
model, this part was missing from the CT scan and it was substituted by a 90° bent tube, but 
the latest one fully covered this missing part of geometry. The whole computational model was 
meshed using ANSYS® USA with unstructured tetrahedral elements. Prism layers were applied 
in near wall regions to provide accurate flow behaviour on droplet. The total number of the 
independent mesh elements for the human model was 4 million which can be seen in Figure 5. 
2 with the magnified detailed near wall region meshing. 
 
 
Figure 5. 2 Meshing for 4 million cells and the near wall region meshing 
 
Figure 5. 3 demonstrated the anatomical features of the vestibule region in the form of cross-
sectional planes. It was found that the vestibule passage width continuously narrowed down 
from the nostril (11.4 mm) to the nasal valve (2.4 mm) while the length elongated, as a result 
the general cross sectional shape turned from “clam” look like “fan” to straight stick. 
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Furthermore the nasal valve was the main restriction for the spray plume propagation due to its 
narrowed anatomical structure. Owing to the limited width at the vicinity of nasal valve, a poor 
spray nozzle to nasal valve alignment would filter majority of the sprayed droplets and 
significantly reduce the drug delivery performance.  
 
 
Figure 5. 3 The space variation of vestibule passage for the nasal spray plume development 
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There were several methods to achieve the alignment alteration; the easiest one was the simple 
vertical or horizontal movement by tilting the nasal spray bottle tip; like the demonstration in 
Figure 5. 4, a 2 mm off centre releasing can be applied in left, right, up, and down direction. 
However due to the restricted nasal structure right or left are not feasible (bottle tip may touch 
the nasal wall), so the vertical movement was the optimal option to conduct the deposition 
efficiency study.  
 
 
Figure 5. 4 The alignment method with vertical/horizontal movement 
 
To optimize the spray nozzle to nasal valve alignment, a spray nozzle adjustment plane was 
proposed in Figure 5. 5. The spray nozzle was aimed at the centre line of the nasal valve (Figure 
5. 5a), and its aiming direction was adjustable within the nozzle angle adjustment plane (Figure 
5. 5b).  
 
Angle α and β indicated the upwards and downwards angle adjustment allowance, respectively. 
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Figure 5. 5 The alignment of the spray nozzle and the nasal valve with adjustment angle 
 
FLUENT was utilized to foresee the continuum gas phase flow in steady-state conditions via 
the conservation equations of mass and momentum (discretised using the finite volume 
approach) because of the complex geometry of the CT scanned nasal cavity. The third-order 
accurate QUICK scheme was used to approximate the momentum equation while the pressure–
velocity coupling was apprehended through the SIMPLE method. 15 L/min was used in 
simulation to present adult breathing in resting condition. Swift and Proctor (1977) firstly 
determined that flow rate of 15 L/min was in laminar flow regime through human nasal passage 
and flow rate of 25 L/min occurred downstream of the nasal valve that was within transition to 
turbulence. Meanwhile PIV measurement with a scaled-up model was done by Hahn et al. 
(1993), the result indicated laminar flow for a breathing rate of 15 L/min while a flow rate of 
33 L/min was considered moderately turbulent.  
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5.1.2 New nasal spray device 
 
Rather than the conventional nasal drug delivery method, there were several modified nasal 
spray bottle designs to enhance the delivery efficiency. One product was designed to produce 
finer mist with smaller inertia (Longest and Hindle, 2009), another new nasal spray device, as 
stated in the literature section, claimed to have a better performance. 
 
 
Figure 5. 6 (a) New model with closed pharynx, inserted nasal spray cap in left vestibule and 
opened right vestibule as outlet, (b) Meshing with 4 million cells 
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As shown in the upper image of Figure 5. 6, the model adapted the newly designed nasal spray 
bottle. The spray cap was scaled down 36% to fit the shape of the current human nasal model 
structure and was merged into left nasal vestibule. There were several modifications of this 
model compared to the previous one due to the drug transferring mechanism of the new spray 
bottle. The first one was to close pharynx to prevent the air flow and particles from moving to 
the lower respiratory system, the second one was to use left vestibule as inlet and right vestibule 
as the outlet, and the third one was the particle releasing method. In former particle releasing 
method, a cone shaped spray plume with certain spray cone angle, radius, and length was placed 
next to the spray orifice, furthermore the added spray particles had the initial velocity based on 
experimental data. In this new model surface release method was utilised, the reason was that 
all particles had zero initial velocity. The lower figure demonstrated the meshing that had the 
same amount of cells as the former (4 million). 
 
The Reynolds number is defined as the ratio of momentum forces to viscous forces and 
consequently quantifies the relative importance of these two types of forces for given flow 
conditions: 
 
 Re
g g
g
u D

     (5.01)                                                      
 
where 𝜌𝑔 is gas density, 𝜇𝑔 is gas viscosity, 𝑢𝑔is gas velocity and 𝐷 is characteristic length 
(inlet nostril diameter).  
 
Laminar flow occurs at low Reynolds numbers, where viscous forces are dominant, and is 
characterized by smooth, constant fluid motion, while turbulent flow occurs at high Reynolds 
numbers and is dominated by inertial forces, which tend to produce chaotic eddies, vortices and 
other flow instabilities.  
 
The steady-state continuity and momentum equations for the gas phase (air) in Cartesian tensor 
notation are: 
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where the ith component of the time-averaged velocity vector is 𝑢𝑖
𝑔
 and 𝜌𝑔 is the air density. 
The previous studies (Subramaniam et al., 1998, Horschler et al., 2003, Croce et al., 2006, 
Weinhold and Mlynski, 2004, Zamankhan et al., 2006, Shi et al., 2006, Zhao et al., 2004) all 
utilized k-ε model because of 𝑅𝑒 < 2000, which meant laminar flow. However, this study 
included an inserted real nasal spray bottle inside nasal cavity and closed right nostril, thus the 
airway geometry changed significantly that channel airway was generated. Based on this 
realistic modification, the cross sectional area decreased while the passing through velocity 
increased inside nasal cavity. The dimensionless Reynolds number actually increased and step 
into the transition/low turbulence regime, by consideration of this realistic variation, k-ω SST 
model, done by Menter et al. (2003), was used. The two equations, written in conservation by 
Wilcox (2008), are given by Menter (1993) and Versteeg and Malalasekera (2011): 
 
 For ω, the specific turbulent dissipation rate (1/s) (or specific turbulent frequency): 
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For k, the specific turbulent kinetic energy (m2/s2): 
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where 
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The effective viscosities (kg/m s) are given by Menter and Esch (2001)  
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  41 1tanh argF   (5.10) 
 
  22 2tanh argF   (5.11) 
 
where μt is the modified eddy (or turbulent) viscosity (kg/m s), and σχ (χ = k;ω) are diffusion 
constants of the model.  
 
SST Closure Constants are given as: 
 
 
* 0.09  , 1 0.31a   (5.12) 
 
The Reynolds stresses τij (kg/m s2) are computed as usual in two-equation models with the 
Boussinesq expression. Sij represents the mean rate of deformation component (1/s) and δij is 
the Kronecker delta function. 
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Pω, the rate of production of ω (kg/m3s2), is given by: 
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where γ is a model constant. 
 
5.2 DISCRETE PHASE MODELLING (DPM) 
 
Lagrangian particle tracking method was used to track trajectory of individual particle, thus it 
can be presented by integrating the force balance equation (Yeoh and Tu, 2009): 
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where 𝑢𝑃 is the particle velocity, 𝜌𝑃 is the particle density, and the gravity term ‘g’ was taken 
as −9.81m/s2 taken in the Y-axis. Brownian force and Saffman lift force, the additional source 
terms for the particle equation, were not included because the particles released were 
significantly larger than flow particles. Moreover, the particles are far denser in comparison to 
air, therefore the pressure force, buoyancy force, virtual mass effect and Basset force, which 
depended on the density ratio, would be negligible.  
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The main drag force is given by: 
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where 𝑑𝑃 is the particle volume equivalent diameter, 𝑢𝑝 presents the particle velocity, 𝜇𝑔is 
the molecular viscosity of the fluid. Rep is the particle Reynolds number, which is defined as: 
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Nasal spray atomization produces an array of particle sizes that forms a particle size 
distribution, however, mono-sized particles were used in this numerical study regarding to the 
effect of droplet sizes on nasal cavity particle deposition efficiency. Recall the previous 
experimental result (Inthavong et al., 2014a), the particle size distribution peak was at 80 
microns. Here in this numerical study 5, 10, 15, and 50 µm were investigated. Based on the trial 
numerical study outcome, when the droplet size is over 20 µm the particle tracking rate remains 
the same until 1mm, thus the significance of the investigation would appear less important on 
comparison to the finer particle size. Isothermal flow and smooth, rigid, aerodynamic walls, as 
approximations, were sufficient for parametric studies based on other studies (Kelly et al., 2004, 
Zhang et al., 2004).  
 
The wall boundary condition was set to ‘trap’ for the particle which means that the wall traps 
the ejected particles immediately once they hit the wall, meanwhile the effects of accretion and 
erosion of particles on the walls are not taken into consideration. One-way coupling was 
enabled as a dilute void fraction for the spray was utilized, hence, each particle was tracked 
individually and no particle–particle interactions, i.e. no more particle collisions and secondary 
break-up regarding to larger particles. 
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The validation of particle penetration could be done by the relaxation time / Stoke number and 
the unique anatomical nasal structure: 
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where d  is the particle density, dd  is the particle diameter and g  is the gas dynamic 
viscosity; for Stk 1 particles will detach from a flow especially where the flow decelerates 
abruptly, for Stk 1 particles follow fluid streamlines closely, and if Stk 0.1 the tracing 
accuracy errors are below 1%. 
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where 0t  is the relaxation time of the particle (the time constant in the exponential decay of 
the particle velocity due to drag), 0u  is the fluid velocity of the flow away from the obstacle 
and 0l  is the characteristic dimension of the obstacle (typically its diameter). A particle with 
a low Stokes number follows fluid streamlines (perfect advection), while a particle with a large 
Stokes number is dominated by its inertia and continues along its initial trajectory. 
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CHAPTER 6 
Numerical 
Outcomes 
 
6.1 AIR FLOW FIELD  
 
The laminar air flow field used by previous researchers and studies (laminar flow) was 
represented in Figure 6. 1. However, the conventional method with two nostrils fully open did 
not include the inserted nasal spray bottle tip, the ambient air, and facial structure. Thus in this 
study all these realistic features were embraced to achieve a more accurate and genuine result. 
Based on the nasal spray users’ guide, it was recommended that while atomizing the other 
nostril should be closed. Therefore in Figure 6. 2 the only left nostril is open while atomizing 
with the other parameters being kept the same as the laminar model.  
 
In order to check the differences between two methods in air flow field in terms of velocity, a 
fixed universal velocity legend (different from local parameters) was used. It was easily 
observed that the first difference was the air flow in right nasal cavity. The conventional method 
shared a similar air flow pattern with the left one, but in the current method only the opened 
nostril was filled with air flow field. Whereas the closed right nasal cavity only had some 
recirculation flow from the vortices in pharynx and larynx regions due to the high speed 
turbulent air flow. The second difference was the velocity variation. The air flow velocity in 
conventional method was much lower than the current method, especially in the targeted middle 
section in nasal cavity. The third noticeable difference was that there was more air flow 
circulation in olfactory region in current method than the conventional one. The fourth one was 
the airflow pattern difference in pharynx and larynx regions, the current method had a large 
amount of vortices but the stream flow dominated the conventional one. 
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Figure 6. 1 Laminar air flow field with two nostrils open 
 
 
Figure 6. 2 Turbulent air flow field with single (left) nostril open 
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In Figure 6. 3 and Figure 6. 4, five cross sectional velocity profiles were illustrated which were 
at front nostril (vestibule) region, atrium (right after nostril valve) region, front main cavity, 
middle main cavity, and rear main cavity. The main cavity referred to the highly vascularized 
turbinate, meatus, and olfactory region where the administrated drug was targeted.  
 
In the conventional method, due to the narrow cross sectional area caused by the inserted nasal 
spray tip, more air passed through the right nasal cavity. However, the current method with one 
nostril closed represented a much higher velocity profile.  
 
Using the current method, firstly in the vestibule region the velocity increased up to 9 m/s while 
with the conventional method the velocity was only 3 m/s. Once the air flow passed over the 
nostril valve, the velocity increased up to 12 m/s with current method in the left cavity due to 
the shrunken cross sectional area, but with the conventional method the velocity remained 
relatively the same as in the vestibule region. The velocity then decreased gradually to 6 m/s 
before exiting the main nasal cavity for the current method because of the expansion of cross 
sectional area, for conventional method the velocity dropped to below 3 m/s at the same 
location. At last, due to the reduction of cross sectional area, the velocity increased again to 
over 6 m/s for the current method, and the conventional method showed the same trend that the 
velocity went up to 6 m/s.  
 
Although there were many differences in these velocity profiles, there was still one common 
finding between the two methods which was the stagnation zone at the tip of each narrow 
passage due to the nature of the geometry of the nasal cavity. This meant that once the drug 
was atomized into the nasal cavity it would not pass through these areas, thus there was no 
deposition in the tip zone, 
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Figure 6. 3 Nasal cavity streamlines in both cavities with five cross sectional velocity profiles 
 
 
Figure 6. 4 Nasal cavity streamlines in single cavity with five cross sectional velocity profiles 
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6.2 EFFECT OF INJECTION DIRECTION WITH ITS DEPOSITION EFFICIENCY 
 
Within the boundary conditions set for this research, two spray bottles generated two different 
spray cone shapes, and three injection trajectories were aligned for each bottle. In order to 
conduct the case study, four different micron sized particles were chosen as 5 µm, 10 µm, 
15µm, and 50µm. Two air flow scenarios were implemented additionally. Thus 48 different 
simulations were carried out to investigate the spray deposition fraction and pattern inside the 
nasal cavity.  
 
Figure 6. 5 showed the total deposition fraction inside the nasal cavity if the particle size was 5 
µm, 10 µm, 15 µm, and 50 µm for both brands and air flow types. Examining for laminar flow, 
the two brands shared the same fraction value from less than 10% for 5µm, to roughly 50% for 
10 µm. Then for 15µm the fraction reached up to 90%, and for 50 µm the fraction was almost 
100%. For turbulent flow two brands shared the same percentage pattern as well from on 
average 20% for 5µm, to less than 100% for 10 µm, then the trend levelled up for both 15µm 
and 50 µm sized particles.  
 
There were two major differences for total deposition fraction between laminar flow and 
turbulent flow. The first one was for 5 µm, the turbulent case (average 20%) showed a 
significantly higher fraction than the laminar case (less than 10%). Especially for OA injection 
trajectory, the turbulent case reached 25% which was 2.5 times than the result of laminar case. 
The second one was for 10 µm, the fraction of turbulent flow doubled the one of laminar case. 
Due to these differences the total number of particles released into nasal cavity was altered in 
proportion respectively. The normal number of released particles was 10000, so for 5 µm both 
in both laminar and turbulent cases the released number was 10 times to reach 100000, while 
for 10 µm in the laminar case the total released number was twice to reach 20000. The main 
reason to set this adjustment was to have an equivalent quantity to study.  
 
One common finding was that the fraction was size sensitive, when the released particle was 5 
µm there was no clear logical pattern, but once the size was over 10 µm all turbulent and laminar 
cases illustrated a similar tendency. The total fraction of OC injection trajectory was the highest, 
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OA was the second, and OB was the lowest which was more than 10% lower than two others’. 
This phenomenon might be caused by the instantaneous blockage inside the vestibule region 
due to the curvature of the anatomical nasal structure.  
 
These deposition fraction data also confirmed that when the particle size was too fine, the 
majority of released particles flowed through the nasal cavity to travel into the lower respiratory 
system, i.e. being deposited into the base of lungs. This finding might inform the 
pharmaceutical industry and the relevant doctors who administered medicines that if the particle 
size was ultra-fine up to 90% of drug was wasted. 
 
 
Figure 6. 5 Total deposition fraction inside nasal cavity of 5 µm, 10 µm, 15 µm, and 50 µm in OA, 
OB, and OC injection trajectory for (a) laminar flow and brand-D, (b) laminar flow and brand-P, 
(c) turbulent flow and brand-D, (d) turbulent flow and brand-P 
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The left half of the nasal chamber was divided into three main regions: the vestibule, the main 
passage (septum and lateral regions), and the pharynx based on the anatomical features and 
epithelium types for drug delivery performance assessment. It was well known that the lateral 
region (superior, middle, and inferior turbinate and meatus) offered large mucosal surface, that 
were richly vascularized for drug absorption (Si et al., 2013). Therefore, in this study the main 
passage was selected as the targeted area for drug delivery performance assessment. 
Furthermore, to distinguish the deposition along the septum and the lateral wall of the main 
passage, the deposited particles were coloured in blue and green respectively (black in nostril 
and red in pharynx). 
 
Figure 6. 6 and Figure 6. 7 demonstrated the particle deposition pattern inside of the nasal cavity 
for laminar flow of 5 µm, 10 µm, 15 µm, and 50 µm sized particles in OA, OB, and OC injection 
trajectory for both spray bottles. There were several similarities in the particle deposition 
pattern. The first one was that as the bottle tip tilted up more particles deposited in the middle 
turbinate and when the bottle tip tilted down more particles deposited in the inferior turbinate, 
while the deposition pattern of the neutral position was between the other tilted angles’. The 
second one was that as particle size increased more particles were blocked in the vestibule and 
fewer particles travelled into pharynx region. The third one was that particle penetration depth 
shortened as particle size increased. Apart from these similarities there were some un-noticeable 
differences which were caused by their spray cone angles, these differences regarding 
deposition fraction in vestibule and lateral regions would be discussed in details later. 
 
The main reason behind this phenomenon was inertia. When the particle was fine the inertia 
was not the dominant factor due to the size, however as the particle size increased the inertia 
became dominant. Meanwhile because of the inward bending anatomical nasal structure after 
the nasal valve, particles could not fly further with air flow but directly impacted on the nasal 
wall and deposited in this region. Owing to this effect the particle penetration depth became 
shorter in the lateral region (less than 22.5 mm from the bottle tip) and the deposition in septum 
region showed exactly the same effect. 
 
 
88 
 
 
 
Figure 6. 6 Particle deposition pattern inside nasal cavity for laminar flow and brand-D of 5 µm, 10 
µm, 15 µm, and 50 µm in OA, OB, and OC injection trajectory 
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Figure 6. 7 Particle deposition pattern inside nasal cavity for laminar flow and brand-P of 5 µm, 10 
µm, 15 µm, and 50 µm in OA, OB, and OC injection trajectory 
 
 
Figure 6. 8 disclosed laminar deposition fraction in the vestibule and the lateral regions for 
Brand-D and Brand-P of 5 µm, 10 µm, 15 µm, and 50 µm sized particles in injection trajectory 
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of OA, OB, and OC. The overall deposition fractions of the vestibule and lateral regions 
increased as the particle size increased for both spray bottles. However, for each particle size 
the deposition fraction of the vestibule region for Brand-P was always lower than the one for 
Brand-D, but for each particle size the deposition fraction of lateral region for Brand-P was 
always higher than the one for Brand-D, which was an opposite tendency.  
 
 
Figure 6. 8 Laminar Deposition fraction in vestibule and lateral region for brand-D and brand-P of 
5 µm, 10 µm, 15 µm, and 50 µm in injection trajectory of (a) OA, (b) OB, (c) OC, and (d) Spray 
cone angle indication for brand-D and brand-P 
 
 
For example, in OC injection trajectory, the deposition fraction of 50 µm in the vestibule region 
for Brand-D was 72.32% while the one in the vestibule region for Brand-P was 58.85%. The 
deposition fraction of 50 µm in the lateral region for Brand-D was 22.86% while the one in the 
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lateral region for Brand-P was 35.74%. The deposition fraction of 15 µm in the vestibule region 
for Brand-D was 62.97% while the one in the vestibule region for Brand-P was 54.67%. The 
deposition fraction of 15µm in the lateral region for Brand-D was 20.37% while the one in the 
lateral region for Brand-P was 30.58%. The deposition fraction of 10 µm in the vestibule region 
for Brand-D was 48.28% while the one in the vestibule region for Brand-P was 38.44%, the 
deposition fraction of 10 µm in the lateral region for Brand-D was 10.42% while the one in the 
lateral region for Brand-P was 13.55%. The deposition fraction of 5 µm in the vestibule region 
for Brand-D and Brand-P levelled at about 10%, the deposition fraction of 5 µm in the lateral 
region for Brand-D and Brand-P was the same at around 1%. The particle deposition fractions 
for other injection trajectories were similar to OC direction. This result indicated that when 
particle released in laminar flow the narrower spray cone angle achieved a better deposition 
fraction inside of the nasal cavity in comparison to a much wider one. 
 
Figure 6. 9 demonstrated laminar deposition fraction in the vestibule and lateral regions for 
Brand-D and Brand-P in OA, OB, and OC injection trajectory of 5 µm, 10 µm, 15 µm, and 50 
µm sized particles. Apart from the increment in deposition fraction in the vestibule as the size 
went up, deposition fraction of Brand-P in vestibule region was always lower than the one of 
Brand-D, and the deposition fraction of Brand-P in lateral region was always higher than the 
one of Brand-D.  
 
If the size was 5 µm, regardless of the applied injection trajectory, the deposition fractions in 
the targeted lateral region for both spray bottles were very poor. The data indicated that around 
only 1% of the particle was trapped in this region, thereby this was a waste of the drug 
formulation. If the size was 10 µm, the deposition fractions in the targeted lateral region for 
both spray bottles were getting better, and the OB injection trajectory regarding deposition 
fraction was better than the other two’s where the deposition fraction went up to 17.71% for 
Brand-P. If the size was 15 µm the deposition fractions in the targeted lateral region for both 
spray bottles continuously improved, and the OC injection trajectory was much better than the 
other two where the deposition fraction was up to 30.58% for Brand-P. As the particle size 
became even larger (up to 50 µm), the deposition fractions of targeted lateral region for both 
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spray bottles were generally better, the OA and OC injection trajectories were much better than 
OB where the deposition fraction increased to around 36% for both spray bottles.  
 
 
Figure 6. 9 Laminar Deposition fraction in vestibule and lateral region for brand-D and brand-P in 
OA, OB, and OC injection trajectory of (a) 5 µm, (b) 10 µm, (c) 15 µm, and (d) 50 µm 
 
Overall, the injection trajectory OC achieved a higher deposition fraction in the targeted middle 
lateral region. The detailed deposition fraction data for laminar flow in OA, OB, and OC 
injection direction of 5 µm, 10 µm, 15 µm, and 50 µm sized particles for Brand-D and Brand-
P could be found in Table 6. 1, Table 6. 2, and Table 6. 3 below. 
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Table 6. 1 Deposition fraction in nasal cavity for laminar flow in OA injection direction 
Brand-D (Spray cone angle 80°) 
Size 
(µm) 
Front Section (%) Middle Section (%) Rear Section (%) 
Vestibule Septum Lateral Pharynx 
50 66.45 6.6 24.69 0 
15 59.36 11.71 21.99 0.14 
10 39.03 1.05 12.04 0.26 
5 5.63 0.34 1.19 0.1 
Brand-P (Spray cone angle 60°) 
50 53.96 9.06 36.17 0 
15 49.47 14.4 19.67 0.15 
10 33.68 0.79 10.13 0.19 
5 3.88 0.31 1.24 0.1 
 
Table 6. 2 Deposition fraction in nasal cavity for laminar flow in OB injection direction 
Brand-D (Spray cone angle 80°) 
Size 
(µm) 
Front Section (%) Middle Section (%) Rear Section (%) 
Vestibule Septum Lateral Pharynx 
50 60.43 6.82 15.76 0 
15 51.36 13.28 15.65 0.07 
10 25.92 7.15 13.57 0.83 
5 7.19 0.06 1.35 0.44 
Brand-P (Spray cone angle 60°) 
50 50.66 12.39 23.51 0 
15 41.06 19.1 23.71 0.14 
10 16.59 8.68 17.71 1.23 
5 2.56 0.01 1.62 0.1 
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Table 6. 3 Deposition fraction in nasal cavity for laminar flow in OC injection direction 
Brand-D (Spray cone angle 80°) 
Size 
(µm) 
Front Section (%) Middle Section (%) Rear Section (%) 
Vestibule Septum Lateral Pharynx 
50 72.32 4.81 22.86 0 
15 67.97 6.73 20.37 0.04 
10 48.28 0.49 10.42 0.01 
5 9.78 0.37 1.16 0.1 
Brand-P (Spray cone angle 60°) 
50 58.85 5.25 35.74 0 
15 54.67 7.43 30.58 0.05 
10 38.44 0.68 13.55 0 
5 10.1 0.28 0.91 0.09 
 
Figure 6. 10 and Figure 6. 11 exhibited the particle deposition pattern inside fo the nasal cavity 
for turbulent flow of 5 µm, 10 µm, 15 µm, and 50 µm sized particles in OA, OB, and OC 
injection trajectory for both spray bottles. Furthermore, to distinguish the deposition along the 
septum and the lateral wall of the main passage, the deposited particles were coloured in blue 
and green respectively (black in nostril and red in pharynx).  
 
Initially the deposition patterns between the two spray bottles were alike. There were several 
similarities in the particle deposition pattern which were identical to the laminar flow case. The 
first one was that as the bottle tip rotated up more particles would be deposited in middle 
turbinate and when the bottle tip rotated down more particles would be deposited in inferior 
turbinate, while the deposition pattern of the neutral position was between the other rotated 
angles. The second one was as particle size increased more particles would be choked in the 
vestibule and fewer particles would flow into pharynx region. The third one was that particle 
penetration depth reduced as particle size increased. Except these similarities there were some 
small differences which were caused by their spray cone angles as well, these differences 
regarding deposition fraction in vestibule and lateral regions would be discussed in detailed 
numbers later. 
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Figure 6. 10 Particle deposition pattern inside nasal cavity for turbulent flow and brand-D of 5 µm, 
10 µm, 15 µm, and 50 µm in OA, OB, and OC injection trajectory 
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Figure 6. 11 Particle deposition pattern inside nasal cavity for turbulent flow and brand-P of 5 µm, 
10 µm, 15 µm, and 50 µm in OA, OB, and OC injection trajectory 
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The main reason that caused these phenomenon was the relaxation time. The Stokes number, a 
ratio of the particle’s relaxation time to the flow characteristic time, indicated how long it would 
take for the particle to adjust to the gas phase conditions. For a fixed distance (nostril opening 
to the top of the vestibule), an increment in velocity would decrease the time taken to cover this 
distance. This resulted in a shorter time and distance for the particle to adapt to the gas phase 
conditions and presented a higher impactability than that calculated by the Stokes number 
alone. As particle size increased, so did the relaxation time that the particle needed to adapt to 
flow changes. Hence, deposition increased and occurred at lower velocity for larger Stokes 
numbers. The larger particles exhibited much higher Stokes numbers which prevented the 
particles from following the curved streamlines. 
 
 
Figure 6. 12 Turbulent Deposition fraction in vestibule and lateral region for brand-D and brand-P 
of 5 µm, 10 µm, 15 µm, and 50 µm in injection trajectory of (a) OA, (b) OB, (c) OC, and (d) Spray 
cone angle indication for brand-D and brand-P 
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Figure 6. 12 indicated turbulent deposition fraction in the vestibule and the lateral regions for 
Brand-D and Brand-P of 5 µm, 10 µm, 15 µm, and 50 µm sized particles following the injection 
trajectory of OA, OB, and OC. The general deposition fractions, following the result of the 
laminar flow, in the vestibule region increased as the particle size increased for both spray 
bottles. However, the deposition fractions in the lateral region were different with a peak if the 
particle size was between 10 µm and 15 µm. For each particle size the deposition fraction in 
vestibule region for Brand-P was consistently lower than the one for Brand-D, but for each 
particle size the deposition fraction in lateral region for Brand-P was always higher than the 
one for Brand-D.  
 
For instance, in OC injection trajectory, the deposition fraction of 50 µm in vestibule region for 
Brand-D was 72.5% while the one in the vestibule region for Brand-P was 57.2%. The 
deposition fraction of 50µm in the lateral region for Brand-D was 23.54% while the one in the 
lateral region for Brand-P was 37.02%. The deposition fraction of 15 µm in the vestibule region 
for Brand-D was 62.7% while the one in the vestibule region for Brand-P was 48.22%, the 
deposition fraction of 15 µm in the lateral region for Brand-D was 30.12% while the one in the 
lateral region for Brand-P was 43.9%. The deposition fraction of 10 µm in the vestibule region 
for Brand-D was 44.66% while the one in the vestibule region for Brand-P was 33.04%, the 
deposition fraction of 10 µm in the lateral region for Brand-D was 34.23% while the one in the 
lateral region for Brand-P was 44%. The deposition fraction of 5 µm in the vestibule region for 
Brand-D and Brand-P levelled at about 10%, the deposition fraction of 5 µm in the lateral region 
for Brand-D and Brand-P were equivalent which were around at 13%. The particle deposition 
fractions for the other injection trajectories were similar to OC. This result again indicated that 
when particles are released into turbulent flow the narrower spray cone angle would attain a 
better deposition fraction inside of the targeted lateral region when comparing to a much wider 
one. 
 
Figure 6. 13 demonstrated turbulent deposition fraction in the vestibule and the lateral regions 
for Brand-D and Brand-P in OA, OB, and OC injection trajectory of 5 µm, 10 µm, 15 µm, and 
50 µm sized particles. The common finding was that the deposition fractions in the vestibule 
increased as the particle size increased. Apart from this there were some meaningful findings. 
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The first one was that deposition fraction of Brand-P in the vestibule region was always lower 
than the one of Brand-D. The second one was that the deposition fraction of Brand-P in the 
lateral region was always higher than the one of Brand-D.  
 
 
Figure 6. 13 Turbulent Deposition fraction in vestibule and lateral region for brand-D and brand-P 
in OA, OB, and OC injection trajectory of (a) 5 µm, (b) 10 µm, (c) 15 µm, and (d) 50 µm 
 
If the size was 5 µm the deposition fractions in the targeted lateral region for both spray bottles 
varied associated with the injection trajectories. The data indicated that in the OA direction only 
1.29% of the particles was trapped in the targeted region for Brand-D, but for Brand-P the result 
was even worse (0.49%). The result, gained through OC direction, was around 13% for both 
spray bottles which was much higher than the result of OA direction, indicating that if the drug 
was atomized in OA or OB direction, majority of the formulation would be wasted. When the 
size was set as 10 µm, the deposition fractions in the targeted lateral region for both spray 
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bottles markedly improved. The result of OC injection trajectory was better than the other two’s 
(around 22%), where the deposition fraction increased to 44% for Brand-P, and 34% for Brand-
D. If the size was 15 µm, the deposition fractions in the targeted lateral region for both spray 
bottles presented some similarities of the result of 10µm. The result of OC injection trajectory 
was still better than the other two’s where the deposition fraction was 43.9% for Brand-P, while 
the result of OA direction became better in comparison to the result of 10 µm (from 28% to 
39% for Brand-P). As the particle size got even larger (up to 50 µm), the particle deposition 
fractions in the targeted lateral region for both spray bottles were generally getting worse if 
compared to the result of 15µm. The deposition fractions of OA and OC injection trajectories 
were still better than the result of OB direction. For example, for OC direction the deposition 
fraction dropped from 44% to 37% for Brand-P and decreased from 39% to 37% for Brand-D.  
 
In general, the injection trajectory OC achieved a higher deposition fraction in the targeted 
middle lateral region regardless of the flow type. The detailed deposition fraction data for 
laminar flow in OA, OB, and OC injection direction of 5 µm, 10 µm, 15 µm, and 50 µm sized 
particles for Brand-D and Brand-P could be found in Table 6. 4, Table 6. 5, and Table 6. 6.  
 
Table 6. 4 Deposition fraction in nasal cavity for turbulent flow in OA injection direction 
Brand-D (Spray cone angle 80°) 
Size 
(µm) 
Front Section (%) Middle Section (%) Rear Section (%) 
Vestibule Septum Lateral Pharynx 
50 65.3 7.18 25.15 0 
15 56.04 10.7 30.89 0 
10 41.84 27.57 24.64 0.4 
5 5.61 5.17 1.29 0.42 
Brand-P (Spray cone angle 60°) 
50 53.05 9.03 37.03 0 
15 41.57 14.5 39.43 0.01 
10 32.3 36.81 28.09 0.48 
5 3.63 6.04 0.49 0.4 
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Table 6. 5 Deposition fraction in nasal cavity for turbulent flow in OB injection direction 
Brand-D (Spray cone angle 80°) 
Size 
(µm) 
Front Section (%) Middle Section (%) Rear Section (%) 
Vestibule Septum Lateral Pharynx 
50 60.25 7.35 15.55 0 
15 49.03 12.38 21.74 0 
10 35 26.81 21.04 0.17 
5 7.27 5.61 3.34 0.42 
Brand-P (Spray cone angle 60°) 
50 50.14 13.74 23.07 0 
15 37.74 19.07 30.14 0 
10 24.17 32.73 29.81 0.13 
5 1.69 4.4 4.5 0.4 
 
Table 6. 6 Deposition fraction in nasal cavity for turbulent flow in OC injection direction 
Brand-D (Spray cone angle 80°) 
Size 
(µm) 
Front Section (%) Middle Section (%) Rear Section (%) 
Vestibule Septum Lateral Pharynx 
50 71.5 4.94 23.54 0 
15 62.7 7.16 30.12 0 
10 44.66 19.51 34.23 0.44 
5 10.87 1.99 12.46 0.11 
Brand-P (Spray cone angle 60°) 
50 57.2 5.36 37.02 0 
15 48.22 7.73 43.9 0 
10 33.04 20.43 44 0.66 
5 9.22 1.22 13.8 0.09 
 
Here represented the comparison about deposition fractions in the lateral region (superior, 
middle, and inferior turbinate and meatus) between laminar and turbulent flows. 
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Figure 6. 14 Deposition fraction (laminar vs. turbulent) in lateral region for brand-D and brand-P 
of 5 µm, 10 µm, 15 µm, and 50 µm in injection trajectory of (a) OA, (b) OB, (c) OC, and (d) Spray 
cone angle indication for brand-D and brand-P 
 
Figure 6. 14 illustrated the comparison of different injection orientations between laminar and 
turbulent flow for Brand-D and Brand-P of different released particle sizes in the lateral region. 
In OA direction for Brand-D the turbulent deposition fraction was always higher than the 
laminar result. If the released particle was 10 µm, 25% of particles were trapped in the lateral 
region for turbulent case, while only 12% of particles deposited for the laminar case. For 15 
µm sized particles, 31% of particles were caught within the lateral region for the turbulent case, 
while only 22% of particles deposited for the laminar case. For Brand-P the particle deposition 
fraction for the turbulent case showed a similar trend which was always higher than the laminar 
case except for the 5 µm sized particle. The particle deposition fractions of OB and OC injection 
trajectories were the same as the result of OA direction. However, the highest deposition 
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fraction in the lateral region occurred in OC direction. For instance, for Brand-P the deposition 
fraction of 10 µm and 15 µm sized particles was 44%.  
 
From this cross comparison, two conclusions would be drawn. The first one was that for the 
same spray cone angle the particle deposition fraction in the lateral region for turbulent case 
was higher than the one of laminar flow regardless of particle sizes. The second one was that 
for both laminar and turbulent flows the narrower spray angle would result in a better deposition 
fraction in the lateral region than a wider spray cone angle, i.e. in terms of drug delivery 
efficiency Brand-P was better, which meant that less drug would be wasted being used. 
 
 
Figure 6. 15 Deposition fraction (laminar vs. turbulent) in Lateral region for brand-D and brand-P 
in OA, OB, and OC injection trajectory of (a) 5 µm, (b) 10 µm, (c) 15 µm, and (d) 50 µm 
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Figure 6. 15 demonstrated the comparison of different released particle sizes between laminar 
and turbulent flow for Brand-D and Brand-P in different injection directions in the lateral 
region. When 5µm particle was sprayed in both laminar and turbulent flows by using two spray 
bottles, it was clearly found in Figure 6. 15 (a) that the turbulent deposition fractions for both 
spray angles were higher than laminar cases. While under the turbulent flow condition, the drug 
delivery efficiency of Brand-P was higher than Brand-D where the peak values occurred in OC 
direction (12.5% for Brand-D and 13.8% for Brand-P). A similar tendency was found in the 
result of 10 µm, 15 µm, and 50 µm sized particles. Among all size independent comparisons, 
the maximum particle deposition fractions peaked at OC injection trajectory for all cases. The 
maximum deposition fractions were 44%, this result were obtained via particles of 10 µm, and 
15 µm. Therefore the most important finding was that OC injection trajectory appeared to be 
the optimal drug delivery path inside of the nasal cavity. 
 
In this study a novel numerical sectioning operation applied to human nasal model was 
presented, where the 3D micron particle deposition fraction results were sliced predominantly 
along the stream direction for the whole nasal cavity. The accumulated deposition fraction on 
each slice over the total nasal deposition fraction was calculated and named as deposition 
intensity (DI), and this was plotted along the normalized distance. Consequently, deposition 
intensity (DI) indicated a ratio of localized (slice-based where the slice interval was 0.05 cm) 
fraction over the total number of deposited particles. Thus, the location with peak deposition 
intensity would be effectively located, which was informative for preparation of histologic 
analysis. Since the result files contained all parameters of the deposited particles, then the 3D 
location of these particles could be withdrawn from the raw data by deleting the velocity 
profiles. In the Mathematica 10® SmoothHistogram was used to overlay the particle deposition 
intensity of lateral and septal turbinate regions for each released particle size. Additionally, the 
numerical sectioning results in terms of deposition intensity prospectively aided histologic 
analysis in tracing the correct slices under high pollutant exposure. Through tissue slice 
sampling from a known location where nasal epithelium received the most particle dose. 
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Figure 6. 16 Particle penetration depth in septal and lateral regions in OA, OB, and OC direction 
for Brand-D and Brand-P for 5 µm, 10 µm, 15 µm, and 50 µm 
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The deposition intensity is given as: 
 
 slice
nasal
n
DI
n
  (6.01) 
 
where slicen  is the number of particles depositing on the slice, and nasaln  is the total deposited 
particle number within the nasal cavity. To quantify drug delivery performance in the left half 
nasal cavity, particle deposition intensity was presented in Figure 6. 16, where the particle 
penetration depth can be assessed. The comparison only focused on the turbulent flow study 
due to the better particle deposition fraction than the outcome of laminar flow. In general, the 
noticeable continuous particle penetration was found at somewhere along the nasal septum 
(blue line) for all studied particle sizes and spray directions, and peak deposition intensity along 
the lateral wall (green line) all occurred right after the nasal valve, indicating a direct impact 
for all sprayed particles along this side. This was mainly due to the highly curved lateral wall 
at the vicinity of the nasal valve, which captured almost all sprayed particles along this side. 
For the septum side, the relatively unchanged wall boundary allowed introduced particles to 
travel further downstream of the nasal cavity.  
 
In spray direction OA, the two spray bottles showed some similarities. The first one was that 
when 5 µm particle was injected, the lateral deposition intensity was very low, the peak was 
0.3 at 2.8 cm for Brand-D and there were two peaks that valued 0.15 at 2.75 cm and 4.75 cm. 
While the septal deposition intensity was very high, the top three values were 0.83, 0.45, and 
1.05 at 3.6 cm, 4.2 cm, and 5 cm for Brand-D, and for Brand-P the top three values were 0.82, 
0.6, and 1.26 at 3.6 cm, 4.1 cm, and 5 cm, here the peak values and occurred location were 
similar. The second one was that as released particle size increased the lateral deposition 
intensity increased and the peak value moved towards nostril valve for both spray bottles. The 
peak value for 10 µm was 0.81, for 15 µm and 50 µm was 1.31 at around 2.5 cm for Brand-D, 
and for Brand-P the peak value for 10 µm was 0.9, for 15 µm was 1.4, and for 50 µm was 1.5 
at around 2.5 cm. The third one was that when released particle size increased, the septal 
deposition intensity decreased and the peak value, along the penetration depth, shortened for 
both spray bottles. If the particle was 10 µm, the peak value was 0.9 at 3.25 cm for Brand-D 
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and 1.16 at 3.3 cm for Brand-P, the location was similar between the two spray bottles. If the 
particle size was 15 µm, the peak location remained the same and the peak value decreased. 
When the particle size was 50 µm, the peak value decreased further and the location moved 
further towards nostril valve, which was similar to the deposition intensity of lateral one. The 
fourth one was the noticeable septal maximum penetration depth for 5 µm was 7.5 cm for 
Brand-D and for Brand-P was the same, for 10 µm it was approximately 7 cm for both brands, 
for 15 µm it was around 5 cm for two spray bottles, and for 50 µm it was 3.5 cm for the two 
spray devices. While the noticeable lateral maximum penetration depth for 5 µm was 5.5 cm 
for Brand-D and for Brand-P was identical, for 10 µm, 15 µm, and 50 µm it was approximately 
3.5 cm for both brands. The fifth one was that the drug delivery efficiency of Brand-P was 
better than Brand-D, due to the narrower spray cone angle. 
 
Spray direction OB illustrated the same observation as OA injection direction, but there were 
some differences. The first one was that the lateral deposition intensity was higher than the 
result of OA direction, for 5 µm the peak value was 0.75 at 2.4 cm for Brand-D and 1.34 at 2.5 
cm for Brand-P. Then at the same location the peak value increased as particle size went up, 
for 10 µm the peak value was 1.4 for Brand-D and Brand-P, for 15 µm the peak value was 1.45 
for Brand-D and 1.42 for Brand-P, and for 50 µm the peak value was 1.6 cm for Brand-D and 
1.62 cm for Brand-P. The second was that the peak deposition intensity occupied distance was 
shorter than the result of OA injection direction, this meant that fewer particles would deposit 
in the lateral region. The third one was along the septal region, the general deposition intensity 
was lower than the result of OA direction and the respective location was shortened. Thus, 
based on these values it was obviously found that spray direction OB was slightly better in drug 
delivery efficiency in terms of the deposition intensity, but the total number of particles 
deposited in the lateral region was fewer than the result of OA spray direction. Unlike spray 
direction OA and OB, spray direction OC presented some different general tendencies. The first 
one was that the lateral deposition intensity for 5 µm, the peak value was 2.05 at 3.3 cm for 
Brand-D, and there were two peak values for Brand-P which were 1.22 at 3 cm and 1.88 at 3.4 
cm. The second one was that the peak deposition intensity occupied distance was longer than 
the result of OA and OB directions for all released particle sizes, thereby more particles would 
deposit in the lateral region. The third difference was the septal deposition intensity that was 
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much lower than OA and OB directions, especially for the particle size of 5 µm, for both spray 
bottles the maximum peak value was below 0.2. After the cross comparison, injection direction 
OC was the optimal among all three directions. 
 
Table 6. 7 Relaxation time and Stoke number for turbulent and laminar flow 
Size (µm) Relaxation time (s) Stoke No. (T) Stoke No. (L) 
5 7.76349E-05 0.35582676 0.097043662 
10 0.00031054 1.423307041 0.388174648 
15 0.000698714 3.202440842 0.873392957 
50 0.007763493 35.58267602 9.704366188 
 
 
Figure 6. 17 Inferior structure and concentrated particle deposition zone 
 
The Stoke number for both turbulent and laminar flows has been clustered into 5 sectors as 
marked 5 different colours in Table 6. 7, the first one was less than 0.1, the second one was 
between 0.1 and 0.4, the third one was around 1, the fourth one was much larger than 1 but 
smaller than 10, and the last one was much greater than 10 but smaller than 50. Based on this 
principle most 5 µm particles in laminar flow would follow the flow to travel downstream, the 
majority of 10 µm particles in laminar flow and 5 µm particle in turbulent flow would follow 
the flow stream, partially 15 µm particle in laminar flow and 10 µm particle in turbulent flow 
would detach from the flow and impact the nasal cavity wall, some 50 µm particle in laminar 
flow and 15 µm particle in turbulent flow would separate from the flow and deposit on nasal 
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tissue, and majority 50 µm particle in turbulent flow would disengage from the air flow and be 
trapped in nasal cavity. These Stoke numbers indicated the natural behaviour of different 
particle sizes flowing in air flow field that could be proved by the penetration depth result. 
Another key factor that affected the particle penetration depth variation on different particle 
sizes was the anatomical nasal structure between vestibule and inferior turbinate, shown in 
Figure 6. 17. Apart from the funnel shape that caused air flow acceleration, there was an easily 
noticeable indentation / inward curvature in inferior turbinate. If the particle size increased the 
inertia of the particle increased, the nasal structure acted as a barrier to block the particles from 
flowing farther. Therefore, the nature of physics combined with anatomical structure formed 
the concentration particle zone. Once larger particles released from spray bottle majority 
particle would be deposited in this area and the penetration depth would be shortened. After 
considering all influencing factors which were spray angle, injection trajectory, particle size, 
and flow field type, the combined optimal spray setting regarding particle deposition fraction 
and respective particle penetration depth was as followed: narrow angle (less than 60°), small 
particle size range (5 µm to 10 µm), and turbulent flow field (close one side nostril). 
 
6.3 DRUG DELIVERY EFFICIENCY OF NEW NASAL SPRAY DEVICE 
 
6.3.1 Air flow field 
 
As mentioned in chapter 5, this new model was different from the conventional one, where the 
most significant difference was the closed pharynx, because of the delivery mechanism which 
was to hold the breath and to blow the drug formulation into the nasal cavity. In order to study 
the drug delivery efficiency two expelling rates were chosen. The first one was 15 L/min which 
was the commonly used inhalation rate for adult human under relaxing status, and the second 
one was the quarter value of the first one, i.e. 3.75 L/min. The scaled down spray tube was 6.1 
mm in diameter, thus the velocity of the first setting was 8.55 m/s and the Re number was 3220 
(clustered as turbulent flow), and the respective velocity of the second setting was 2.14 m/s and 
the Re number was 805 (clustered as laminar flow). 
 
110 
 
 
Figure 6. 18 Laminar flow field (a) lateral view (b) normal view 
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Figure 6. 19 Turbulent flow field (a) lateral view (b) normal view 
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As illustrated in Figure 6. 18 both lateral and normal views of laminar flow inside of the nasal 
cavity are presented, and in Figure 6. 19 the turbulent flow was shown in the same order. There 
were several differences between two flow fields. The first obvious one was the velocity 
spectrum that the turbulent flow had a higher velocity. The second one was the stagnation 
location in the pharynx region, for the turbulent flow it was much closer to the closing valve 
than laminar flow. The third one was flow distribution inside of the nasal cavity, for laminar 
flow the streamlines were more evenly distributed in the normal direction in middle region of 
the nasal cavity, but for turbulent flow the streamlines concentrated near the septal wall. The 
fourth one was that there were more recirculation and vortices after passing the middle region 
for turbulent flow than laminar flow. While there was one noticeable similarity between the 
turbulent and laminar flows, which was the maximum velocity (for turbulent case the value was 
19.81 m/s) occurring location, in both flows the location aligned at the bottom of the inserted 
nasal spray tube till after passing the nostril valve. The main reason behind this was the flow 
resistance where the wide open area had a lower resistance than the narrowed down tip regions. 
 
In Figure 6. 20 the cross sectional velocity profiles were shown for both laminar and turbulent 
cases. The detailed contours demonstrated how wide the inhaled air propagated, it was clear 
that the laminar flow had a much smaller velocity gradient, whereas the turbulent flow was 
opposite to the laminar flow. Due to the narrowed shape of the nasal valve (marked as B in the 
figure) for turbulent flow, the mid-lower region in the left passage was the location where the 
maximum velocity occurred, and the velocity gradient expanded to the edges of nasal valve. 
Once the inhaled air was sucked in the middle section of nasal cavity (marked as C, D, and E 
in the figure) before entering the pharynx, the structure immediately changed, generally became 
thinner and longer. Thus for the laminar, the propagation was limited because of the much 
smaller velocity, only a small area in the middle section had a higher velocity difference. The 
turbulent flow presented a much wider propagation from the middle section to the edges in the 
normal view. However, owing to the unique narrow tip structure (stagnation) the velocity 
gradient could not reach these areas. 
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Figure 6. 20 Nasal cavity streamlines in both cavities with five cross sectional velocity profiles for 
new nasal spray device (up) laminar (down) turbulent 
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6.3.2 Deposition fraction  
 
The targeted area for analysis was the same as the previous study, where the lateral region in 
the middle section was the key area. Thus in this continuous study both laminar and turbulent 
flow fields were taken into consideration with 4 different released particle sizes (1 µm, 5 µm, 
10 µm, and 50 µm) were used to conduct comparative research.  
 
Table 6. 8 Deposition fraction for different sizes in middle section of nasal cavity 
CASE REGION DEPOSITION FRACTION ON SIZE (%) 
1 µm 5 µm 10 µm 50 µm 
Laminar 
Lateral 1.446945 4.501608 18.00643 90.03215 
Septal 1.125402 1.286174 2.090032 9.967846 
Turbulent 
Lateral 1.446945 18.1672 68.1672 87.45981 
Septal 0.803859 2.411576 31.18971 12.54019 
 
In Figure 6. 21 and Table 6. 8 the deposition fractions for both turbulent and laminar flows were 
shown with some common findings. The first one was that as the particle size increased the 
associated deposition fraction increased as well. The second one was that if the particle size 
was ultra-fine (1µm) the deposition fraction in lateral region was extremely low, which was 
less than 1.45%. The third one was that if the particle size was big (50µm) the deposition 
fraction in the same region was very high, which was more than 87%. The fourth one was that 
the deposition fraction for turbulent flow was always higher than the result of the laminar flow, 
except for the fractions of 50 µm, which were 90% and 87% respectively.  
 
Besides these similarities there were some differences. The major one was the deposition 
fraction variations for the particle sizes of 5 µm and 10 µm. The deposition fraction was about 
4.5% for 5µm and 18% for 10µm for laminar case, and the deposition fraction was 
approximately 18.2% for 5µm and 68.2% for 10µm. Another interesting finding regarding 
maximum deposition location was always in the right vestibule area if the particle size was 
small (less than 5µm for turbulent flow and less than 10µm for laminar flow). There were two 
reasons behind this phenomenon, the first one was the closed pharynx with the unique curvature 
of the right vestibule region, and the second one was the small Stoke number. 
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Figure 6. 21 Deposition fraction in lateral and septal regions on different sizes for (up) laminar 
(down) turbulent 
 
When comparing the numerical results of conventional nasal spray devices with the newly 
designed spray device regarding the particle deposition fraction in the middle lateral region, 
there were some similarities and differences shown in Table 6. 9 and Table 6. 10. One of the 
similarities was that the drug delivery efficiency was always higher for turbulent flow than 
0
10
20
30
40
50
60
70
80
90
100
1 µm 5 µm 10 µm 50 µm
D
E
P
O
S
IT
IO
N
 F
R
A
C
T
IO
N
 (
%
)
Lateral Septal
0
10
20
30
40
50
60
70
80
90
100
1 µm 5 µm 10 µm 50 µm
D
E
P
O
S
IT
IO
N
 F
R
A
C
T
IO
N
 (
%
)
Lateral Septal
116 
 
laminar flow, this outcome encouraged patients to inhale or expel harder when using the device 
if they suffered from rhinitis. The second finding was that as the particle size increased the 
relevant deposition fraction rose accordingly for laminar flow but not for turbulent flow, 
because for turbulent flow the conventional outcome showed a peak between 5 µm to 50 µm.  
 
Table 6. 9 Deposition fraction for different sizes in lateral middle region of nasal cavity for three 
bottles (laminar) 
BOTTLE DEPOSITION FRACTION ON SIZE (%) 
5 µm 10 µm 50 µm 
Opti 4.50 18.01 90.03 
D-OC 1.16 10.42 22.86 
P-OC 0.91 13.55 35.74 
 
Table 6. 10 Deposition fraction for different sizes in lateral middle region of nasal cavity for 
three bottles (turbulent) 
BOTTLE DEPOSITION FRACTION ON SIZE (%) 
5 µm 10 µm 50 µm 
Opti 18.17 68.17 87.46 
D-OC 12.46 34.23 23.54 
P-OC 13.80 44.01 37.02 
 
One of the main differences was the maximum deposition fraction value, shown in Figure 6. 
22. The new device produced a much better delivery efficiency, especially for turbulent flow 
regardless of sizes. For example, if the particle size was 5µm, the two conventional devices 
could only produce a deposition fraction roughly at 13%, but the newly designed device could 
reach up to 18%. If the particle size was 10µm the conventional result yielded a maximum 
deposition fraction, for Brand-P bottle was slightly over 40% and for brand-D was about 30%, 
but for the newly designed device there was a clear increment to over 68%. The laminar flow 
also showed a similar tendency, but the drug delivery efficiency in the lateral region of the nasal 
cavity was much lower than the fraction of the turbulent flow. Meanwhile, if the particle size 
increased to 50 µm the deposition fraction value presented a positive correlation. The outcome 
stated solid evidence that the new device could achieve a better drug delivery efficiency 
regarding deposition fraction, and the turbulent flow demonstrated advantages over the laminar 
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flow which meant a higher inhalation rate would help to increase the deposition fraction inside 
of the targeted region. 
 
 
Figure 6. 22 Deposition fraction in lateral regions on different sizes for three bottles for (up) 
laminar (down) turbulent 
 
However the deposition fraction only revelled partial result by showing how many particles 
deposited in the target area. The relevant penetration depth could unveil the other details and 
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wrap up the final outcome. Figure 6. 23 and Figure 6. 24 demonstrated the deposition pattern 
and penetration depth for both laminar and turbulent flows on different particle sizes where the 
green lines represented the deposition intensity and location in lateral region.  
 
 
Figure 6. 23 Deposition pattern and penetration depth of laminar case for (a) 1 µm (b) 5 µm (c) 10 
µm (d) 50 µm 
 
For laminar flow when particle size was 1 µm the deposition intensity was extremely poor but 
the penetration depth was relatively deep where the particles could reach up to 6 cm. If the 
particle size was 5µm the pattern was similar to the previous one with a clearly bigger peak at 
2.5 cm with an intensity of 1.2% and the particles could penetrate up to 8 cm. Once the particle 
size was 10 µm a peak occurred at the same location at 2.5 cm with an intensity of 2.1% but 
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the occupied depth extended. When the particle size was 50µm the pattern was the same as the 
10 µm’s but with a greater intensity of 2.5% and a wilder occupied depth. 
 
 
Figure 6. 24 Deposition pattern and penetration depth of turbulent case for (a) 1 µm (b) 5 µm (c) 10 
µm (d) 50 µm 
 
For the turbulent flow the overall trend was similar to the laminar flow with some small 
alterations. When particle size was 1 µm, the difference was the penetration depth which was 
2 cm longer. If the particle size was 5 µm the difference was a higher intensity of 1.4% with a 
much wider occupied distance. Once the particle size was 10 µm the key difference was an 
increment in intensity of 0.5% which was from 2.1% to 2.6%. When the particle size was 50 
µm the major difference was with a smaller intensity of 2.3%. The general penetration depth 
and deposition pattern was the same as the result of conventional nasal spray device, where the 
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peak values occurred at the same locations. The most particles deposited once after passing 
through the nasal valve, this was caused by the unique nasal anatomical structure and the Stoke 
number. 
 
Due to the new triggering mechanism, once the pharynx valve was closed the air expelled from 
the lungs would pass through the new nasal spray device to carry the released particles into the 
left chamber. Then the flow with the remained un-deposited particles would travel into the right 
passage. This process indicated that the deposition occurred in two passages from the left 
chamber to the right one. Thus the traditional method regarding deposition fraction and 
penetration depth could only unveil part of the deposition pattern. Therefore, as stated in the 
literature review, the UV-unwrapping method was the right choice to be tested on the numerical 
outcome, gained from the numerical study on the new nasal spray device. The purpose was to 
view the deposition pattern more directly and vividly in 2D view and to look for the localized 
pattern and the difference between the various released particle sizes and flow conditions. 
 
In the previous work, done by Shang et al. (2015b), the whole nasal cavity was cut into 21 
sections (10 for each chamber and the shared pharynx), the objectives of the study were to 
investigate the pollutant deposition in the detailed sections. However, the early work of this 
study showed strong evidence that the deposition inside of the middle region of the nasal cavity 
was low. Therefore in this research the nasal cavity was cut into 6 sections between the inlet 
and outlet boundary conditions, which were: 
 
1. Lateral region (for both chambers, combined with atrium, olfactory, three meatus sections, 
and three turbinate sections) 
2. Septal region (for both chambers) 
3. Right vestibule (the left one was occupied by the nasal spray bottle) 
4. Pharynx (shared by two chambers) 
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Figure 6. 25 UV- unwrapped visualization for particle deposition pattern for (A) 1µm, (B) 5µm, (C) 10µm, and (D) 50µm in laminar flow. 
(A1)-(D1) for 3D and (A2)-(D2) for 2 D view. 
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Figure 6. 26 UV- unwrapped visualization for particle deposition pattern for (A) 1µm, (B) 5µm, (C) 10µm, and (D) 50µm in turbulent flow. 
(A1)-(D1) for 3D and (A2)-(D2) for 2 D view. 
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As seen in Figure 6. 25 and Figure 6. 26, after using the unwrapping method the 6 sections were 
flattened without normalization. From left to right direction the sections were the vestibule, 
middle cavity, and the pharynx in sequence. From up and down direction for the middle cavity 
the sections were the right lateral region, the right septal region, the left septal, and the left 
lateral region (the targeted region) in sequence due to the cutting location being aligned with 
the bottom. Each 2D unwrapped view was associated with its 3D view (normal view of the left 
passage) on top respectively, where the red dots represented the particle deposition locations 
and the concentration zones. 
 
For both laminar flow and turbulent flows, in both 3D and 2D view, a most significant similarity 
was clearly found. As the released particle size increased more particles deposited inside the 
nasal cavity and within the targeted left lateral region. Meanwhile the right chamber was also 
benefited from the injection from the inserted spray bottle in the left vestibule if the patient 
suffered the rhinitis for both passages, which was a common symptom for most patients.  
 
The second similarity was the deposition pattern. When the released particle size was large 
(bigger than 10 µm for laminar case, and 5 µm for turbulent case), the deposition location was 
always after the nasal valve in the left middle section only, which meant that no particles could 
further flow into the other sections. This phenomenon was caused by the large Stoke number 
and the curvature of the nasal structure. When the particle size was small (10 µm for laminar 
case and 5 µm for turbulent case), the majority of the released particles, followed the air flow, 
traveled through the bottom part of the nasal cavity from the left chamber to the right one. 
Hence more particles deposited in this part of the nasal cavity. This circumstance was due to 
the internal flow resistance, based on the cross sectional area of nasal cavity as seen in Figure 
5. 2, the middle and bottom part was relatively wider than the regions with tips, consequently 
the air flow traveled in the lowest resistance area. 
 
The third similarity was the wasted drug formulation if the particle size was ultra-small, which 
meant that if the released particles were smaller than 1 µm in diameter or the particles were in 
the Nano scale. In both air flows when the particle size was set as 1 µm, as illustrated in both 
figures, very few particles deposited in each section, which meant that the most of the drug 
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administrated just flowed out of the middle nasal cavities for both chambers on exhalation. 
Thus the total number of particles deposited in the targeted left lateral region was less than 1% 
was. Regardless of the structure variations, the ultra-small particles rarely detached from the 
air flow, but followed with it. 
 
Another interesting finding was, as shown in Figure 6. 25 and Figure 6. 26, the deposition 
pattern for the laminar flow presented a delayed trend compared to the deposition pattern of the 
turbulent flow. In general, there were three different patterns, which were “infrequent 
deposition”, “scattered deposition”, and the “blockage deposition” (the deposition fraction in 
the targeted left nasal lateral region could be seen in Figure 6. 22). For laminar flow case, the 
infrequent deposition pattern occurred when particle size was less than 5µm, the scattered 
deposition pattern occurred when particle size was 10 µm, and the blockage deposition occurred 
when particle size was bigger than 10 µm. While for the turbulent case, the infrequent 
deposition pattern happened if the particle size was 1 µm, the scattered deposition pattern 
happened if the particle size was 5 µm, and the blockage deposition pattern happened if the 
particle size was 10 µm. A faster air flow combined with a bigger particle size could result in 
an early detachment from flow and an impaction on the nasal cavity wall. 
 
In conclusion, similar to the numerical outcome of the conventional nasal spray, an optimal 
combined spray setting regarding particle deposition fraction and drug delivery efficiency was 
drawn. The first was that the optimal particle size ranged from 5 µm to 10 µm, which meant 
that neither ultra-fine (Nano-scale) nor large particle would benefit the patients. The second 
was a suitable air flow type, based on the outcome comparison, the flow between laminar and 
turbulent flow might be the optimal choice, as the air velocity of transition flow was adequate 
to generate a moderate inertia for depositing more particles in the targeted lateral region . 
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CHAPTER 7 
Conclusion 
 
7.1 RESULT SUMMARY 
 
In conclusion, this thesis covers two main parts which are experimental and numerical studies, 
and the outcomes are shown below. 
 
7.1.1 Experimental study 
 
The experimental study was divided into three parts to investigate the external characteristics 
of the atomized particles from the nasal spray devices. The first one was to acquire the human 
actuation profile by inviting 20 male university student volunteers, then to mimic it by in-house 
built experimental equipment via a pre-planned matching sequence matrix (three variations: 
pressure, inlet speed controller, and outlet speed controller). Meanwhile stain gauge and data 
acquisition system were used to help recording the stain variation of the nasal spray bottle being 
pressed, because the equipment provided a high frequent sampling rate, 2k Hz, to deal with the 
extreme short duration of the nasal spray atomization, that was approximately 1 second. This 
part, served as a fundamental tuning, to look for the accurate setting for the further experiment. 
As a result, the best fitting curve was based on three parameters, which were 3.25 bar for 
pressure, 8.5 turns for inlet speed controller, and 11 turns for outlet speed controller. Therefore 
this setting was used in the second part of experimental study, which was spray outline 
detection. 
 
In the second part of the experimental study, by utilizing the high speed filming technique (High 
Speed Camera for recording and high power spotlight for illumination as background), the 
detailed nasal spray atomization procedure was captured and recorded for two nasal spray 
devices. Then Sobel function via MATLAB® (image black and white contrast) and visual 
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inspection were used in the post image analysis to obtain the basic spray cone parameters of the 
tested two nasal spray devices (Brand-D and Brand-P). They were spray cone angle (80º vs. 
60º), first break-up length (2.5 mm vs. 3.3 mm), and the spray diameter (2.5 mm vs. 2.1 mm) 
at the first break-up length. The relevant previous CFD studies, as evidenced by the literature 
review, neglected the importance of the initial spray parameters. Therefore in this thesis, all 
these realistic parameters were used as the boundary conditions in the further numerical study 
(CFD simulation) for the first time.  
 
The development of the nasal spray atomization was recorded in the third part, where the five 
stage droplet propagation was similar to the work done by Lefebvre (1989). The dribble stage, 
distorted pencil, onion stage, tulip stage, and fully developed spray were directly observed from 
the frames of the video footage. Then the droplet diameters and spray velocity, obtained from 
PIV and PDIA, were correlated to the applied injection pressures. The general particle size 
distribution was similar for each FOV and different applied injection pressure, but with some 
differences. The first one was that as the applied pressure increased more fine particles were 
generated, and the size distribution peak value decreased. The second one was that if particles 
travelled further away from nozzle orifice the particles became much finer, due to the further 
breakup. Unfortunately the human nasal cavity was not long or big enough to allow the injected 
particles propagate further. Meanwhile the particle velocity distribution was affected by the 
applied pressure as well. For a smaller applied pressure, a parabolic velocity profile was found 
with a peak value (20 m/s) in the middle regions, while at the spray periphery, low velocities 
occurred. If the applied pressure was higher, the velocity profile maintained constant (21 m/s) 
across the width of the spray. 
 
7.1.2 Numerical study 
 
In the numerical investigation, two different generations of nasal spray devices were studied in 
terms of the drug delivery efficiency inside of the middle lateral region of the human nasal 
cavity. Thus the conventional and the newly designed devices were chosen and compared.  
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For the conventional nasal spray device, the human nasal cavity model was modified and 
upgraded with ambient air and inserted nasal spray bottle inside nostril. Real atomization 
parameters achieved from experimental study were used for the first time. The k-ω SST method 
was introduced to solve the transition/ low turbulence flow. Two different bottles (spray cones), 
used in the experimental study, with five mono-dispersed particles (5, 10, 15, and 50 µm) under 
a breathing rate of 15 L/min were studied to analyse the drug delivery efficiency in the targeted 
area (middle lateral region), i.e. turbinate, meatus, and olfactory region. Apart from these 
parameters, spray alignment was also taken into consideration (the middle direction as the 
reference, while the two other injection directions were tilting up and down). The drug delivery 
efficiency was evaluated by the particle deposition fraction in the targeted area and the relative 
particle penetration depth. Hence, an optimal combined spray setting was drawn, which were 
narrower spray angle (<60°), 5 µm to 15 µm sized particles, and turbulent flow field (one nostril 
closed). Another key factor that affected the drug delivery efficiency was the spray alignment. 
Based on the nasal structure it was found that a lower injection position (OC) contributed to a 
higher amount of particle deposition in the targeted area. The particle penetration depth was 
mainly controlled by the Stoke number, as the particle size increased more released particles 
deposited right after passing the nasal valve.  
 
The experimental study has investigated the spray size distribution under different actuation 
pressures. The results showed that higher actuation pressure produced smaller droplets in the 
atomization. Despite different actuation pressures ranging from 2.05 bar to 2.65 bar being 
applied, the volume fraction of particles smaller than 50 µm was less than 5%, thus the 
percentage of ideal particle, sized from 5 µm to 15 µm, was even smaller. Overall, the outcome 
regarding the particle deposition fraction and the particle penetration depth unveiled a truth that 
the drug delivery efficiency of the conventional nasal spray products was not ideal, most 
injected drug formulation was wasted due to the blockage of particle after passing the nasal 
valve. 
 
For the newly designed nasal spray device, the research methodology was similar to the 
conventional device, but with a down scaled set of parameters. Only one device was used with 
two different air flow types. Unlike the open/closed right nostril used in the former study, in 
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the new study, because of the closed pharynx, two exhalation rates (expelling rate) were used. 
Based on the calculated Re numbers, one was laminar flow and the other one was turbulent 
flow. Four different sized particles (1 µm, 5 µm, 10 µm, and 50 µm) were released from the 
device independently. Spray alignment was not taken into consideration in this study because 
of the recommended spray angle given by the pharmaceutical company. New visualization 
method, the UV-unwrapping technique, was deployed to un-wrap the 3D nasal cavity structure 
to a 2D image, due to both left and right chambers had the particles depositions. Another set of 
optimal spray parameters was drawn through the comparison study regarding the particle 
deposition fraction and the particle penetration depth. The first one was the particle size range, 
between 5 µm to 10 µm. The second one was the flow type, the optimal choice was between 
laminar and turbulent flow, i.e. transition flow was adequate for depositing more particles in 
the targeted lateral region.  
 
The numerical result showed that the new nasal spray device had a noticeable advantage in 
delivering drug formulation into the targeted area based on the deposition fraction. 
Nevertheless, the effective penetration depth was short, and remained the same as the 
conventional devices’ performance. Therefore the general drug delivery efficiency of this new 
nasal spray device was slightly better than the conventional one with a better deposition 
fraction. Meanwhile the unwrapped 2D images, as a more direct and clearer illustration, showed 
solid evidence that the targeted region of the right nasal chamber was benefited from the 
injection from the other chamber as well. The unwrapping also revealed that the majority of 
particles travelled and deposited in the bottom of the nasal cavity due to the resistance. 
7.2 LIMITATIONS AND FURTHER STUDY RECOMMENDATION 
 
There are still several investigations that can be further conducted regarding nasal spray 
particles in both experimental and numerical aspects. 
 
Considering the experimental section, the volume of nasal spray bottle samples should be 
expanded allowing for various designs which would result into different spray patterns, spray 
cone angles, particle size distributions, and velocities. Detailed PIV and PDIA should be carried 
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out on the wider sample to collect more scientific data, which can be used in numerical 
simulations. One drawback of current filming technique is 2D photo shooting despite the spray 
cone structure is 3D. Thus the present studies can only focus on a very thin plane inside of nasal 
spray cone while utilizing high speed filming and PIV, but the spray cone outline and inner 
particle pattern are not symmetrical due to swirling motion. For now, 3D filming techniques 
are widely used in the film industry and scan modelling, unfortunately 3D high speed filming 
technique is not available for this particular research objective. A suggestion to overcome this 
issue is to use a series of linked high speed camera to focus on the same point/plane to record 
from a fan shaped area simultaneously. By utilizing the 3D filming, a more detailed external 
spray characteristics would be unveiled, and the possible individual particle tracking can be 
accomplished by potential VR technique as well. Currently all the experiments use water as the 
fluid to conduct particle characteristics studies, but the formulation differs from plain water 
because of the surface tension and liquid viscosity, so a range of viscosities for different spray 
products should also be studied to investigate the influence on particle characteristics. With the 
current understanding of the nasal structure and the outcome from nasal spray particle 
deposition fraction and penetration depth, it seems that a flat shaped spray, adapting the narrow 
nostril structure, may perform better than the current cone shaped spray. This observation is 
worth studying in both a quantitative and qualitative way to improve the poor performance of 
current nasal spray products. 
 
For the numerical research, particle deposition fraction and penetration depth should be carried 
out to conduct continuous studies on the newly proposed expanded experiments. By conducting 
this, a more accurate set of optimal spray parameters can be withdrawn. Meanwhile, since the 
human nasal structure pool is getting larger, more reconstructed models are available to be used 
for research purpose to investigate a wider range of age, gender, and race. The study can also 
focus on the impact of different nasal types, like notched, and half notched, regarding the 
particle deposition fraction and the relative penetration depth. By further expanding the 
numerical study a more thorough knowledge regarding the nasal spray drug delivery efficiency 
would be gained, that can be beneficial for the patients and provide solid evidence to the 
relevant pharmaceutical research and innovation in the future.  
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Appendix 
 
MATLAB SCRIPT FOR IMAGE PROCESSING 
 
Edge detection main code 
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Particle format conversion 
 
 
 
Particle deposition 
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